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ABSTRACT 
 Plasmonic nanostructures provide unique opportunities to improve the detection 
limits of chiroptical spectroscopies by enhancing chiral light-matter interactions. The most 
significant of such interaction occur in ultraviolet (UV) range of the electromagnetic 
spectrum that remains challenging to access by conventional localized plasmon resonance 
based sensors. Although Surface Plasmon Polaritons (SPPs) on noble metal films can 
sustain resonances in the desired spectral range, their transverse magnetic nature has been 
an obstacle for enhancing chiroptical effects. We demonstrate, both analytically and 
numerically, that SPPs excited by near-field sources can exhibit rich and non-trivial chiral 
characteristics. In particular, we show that the excitation of SPPs by a chiral source not 
only results in a locally enhanced optical chirality but also achieves manifold enhancement 
of net optical chirality. Our finding that SPPs facilitate a plasmonic enhancement of optical 
chirality in the UV part of the spectrum is of great interest in chiral bio-sensing. Next we 
focus on the new concepts of transverse spin angular momentum and Belinfante spin 
momentum of evanescent waves, which have recently drawn considerable attention. We 
investigate these novel physical properties of electromagnetic fields in the context of chiral 
surface plasmon polaritons. We demonstrate, both analytically and numerically, that 
  vii 
locally excited surface plasmon polaritons possess transverse Spin angular momentum and 
Belinfante momentum with rich and non-trivial characteristics. We also show that the 
transverse spin angular momentum of locally excited surface plasmon polaritons leads to 
the emergence of transverse chiral forces in opposite directions for chiral objects of 
different handedness. The magnitude of such a transverse force is comparable to the optical 
gradient force and scattering forces. This finding may pave the way for realization of 
optical separation of chiral biomolecules 
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Chapter 1 
Introduction 
1.1 Chirality 
An object or a system is chiral if it is distinguishable from its mirror image; that is, it cannot 
be superimposed onto it. On the contrary, the mirror image of non-chiral objects, such as a 
sphere, cannot be distinguished from the object. A chiral object and its mirror image are 
called enantiomers which can be used to refer to chiral molecules. An achiral object can be 
superimposed on its mirror image. If the object non-chiral and is imagined as being colored 
blue and its mirror image is imagined as colored yellow, then by a series of rotations and 
translations the two can be superposed producing green with none of the original colors 
remaining. The word was first used by Lord Kelvin in 1893 at Oxford University published 
later in 18941: 
“I call any geometrical figure, or group of points, 'chiral', and say that it has chirality if 
its image in a plane mirror, ideally realized, cannot be brought to coincide with itself.” 
Human hands are the most widely recognized example of chirality: the left hand is the 
mirror image of the right hand but with no translation or rotation can be overlapped onto 
the right hand. If someone tried to use his left hand shaking a man's right hand. This 
difference would become apparent, or if the left hand glove was placed on the right.  
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1.1.2 Chirality in Chemistry 
A molecule is chiral if there is in fact another molecule of the same composition, which is 
the mirror image of the original molecule, but cannot be superimposed the other molecule. 
Although not the only reason, but the presence of asymmetric carbon atoms is one of the 
major structural features that results in chiral molecules.2 In chemistry, chirality usually 
refers to molecules. Two mirror images of a chiral molecule are called enantiomers or 
optical isomers. Pairs of enantiomers are often designated as "right-" and "left-handed". 
Molecular chirality is of interest because of its application to stereochemistry in inorganic 
chemistry, organic chemistry, physical chemistry, biochemistry, and supramolecular 
 
Figure 1.1. Chirality in different branches of science. (a) An object is chiral if it cannot be 
superimposed on its mirror image. Macroscopic human hands and atomic-scale molecules 
share the property of being chiral in this picture. (b) DNA structure is another example of a 
chiral structure. (c) an optically active medium behaves differently to different circular 
polarizations of light. (d) A typical circular dichroism (CD) signal. Figure 1a,1b and 1c are 
adapted from Wikipedia.  
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chemistry.  Normally, the two enantiomers of a molecule behave identically to each other. 
For example, they will interact with achiral agents in an identical way. Also their NMR 
and IR spectra are identical. However, enantiomers behave differently in the presence of 
other molecules or chiral objects. For example, the enantiomers do not migrate identically 
on chiral chromatographic media, such as quartz.3 They also interact differently with chiral 
electromagnetic fields, that is, the fields that are elliptical.4 Chiral compounds rotate the 
plane of polarized light. Each enantiomer will rotate the light in a different direction, 
 
Figure 1.2. Importance of high sensitivities in detecting chiral bio-molecules. (a) Thalidomide 
is a chiral drug, with two forms of different handedness. While one is a beneficial drug for 
morning sickness, the other one can cause horrible birth defects. (b) Chiral forms of 
Thalidomide. (c) an optically active medium behaves differently to different circular 
polarizations of light. Chrysina Gloriosa has a chiral shell that reflects right and left circular 
light differently. 2c is adapted from 
Ref (4) 
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clockwise or counterclockwise. The molecules that do are said to be optically active. Also, 
chiral molecules absorb different circular polarizations of light differently.  This is the basis 
of circular dichroism (CD) spectroscopy. Usually, the difference in absorption capacity is 
relatively low (parts per thousand). CD spectroscopy is a powerful analytical technique for 
studying the secondary structure of proteins and to determine the absolute configurations 
of the chiral compounds, in particular, in transition metal complexes.  
1.1.3 Interaction of circularly polarized light with matter 
When circularly polarized light travels along an absorbing optically active medium, the 
speeds with which right and left handed polarized light travel are different. Also, 
their wavelength (λL ≠ λR) and their absorption (εL≠εR) are different. Circular dichroism is 
the difference between the absorptions, i.e. Δε ≡ εL- εR. The electric field of a light beam 
induces and electric dipole while its magnetic field causes a circulation of charge or a 
magnetic dipole. These two motions can be seen as excitation of a chiral dipole with a cross 
polarization between electric and magnetic dipole moments. The experimentally 
determined relationship between the rotational strength (R) of a sample and the Δε is given 
by 5, 6 
exp
6.962
A
hc
R d
N

 

         (1.1) 
where the integration is carried out over the frequency ϑ. From a theoretical prospective, 
the rotational strength can be defined as  
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3 3ˆ ˆIm{ } Im{ }th g e g eR d r d r      p.m p . m       (1.2) 
where p is the electric dipole moment and m is the magnetic dipole moment. Equations 1.1 
and1.2 show that by measuring the rotational strength, the molar circular dichroism   can 
be obtained an vice versa. To reiterate, since circularly polarized light itself is "chiral", it 
interacts differently with chiral molecules. That is, the two types of circularly polarized 
light are absorbed to different extents. In a CD experiment, equal amounts of left and right 
circularly polarized light of a selected wavelength are shone into a (chiral) sample. One of 
the two polarizations is absorbed more than the other one, and this wavelength-dependent 
difference of absorption is measured, giving the CD spectrum of the sample. A useful 
dimensionless quantity is the dissymmetry factor, introduced Bu Kuhn in 19297: 
 
Figure 1.3. The principle behind CD spectroscopy. A mono-chromatic light from is passed 
through a Photo Elastic Modulator (PEM) which converts the linear polarized light into 
alternating left and right handed polarized light. The two polarizations are differently 
absorbed, and the difference in absorption is detected with a Photo Multiplier Tube (PMT). 
Adapted from ref (6)  
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2( )
( )
L R
L R
g
  

  
         (1.3) 
 which is the ratio of the circular dichroism to the conventional absorption.  
1.2 Quantifying Electromagnetic chirality  
Now that we have defined the dissymmetry factor for circular dichroism of chiral 
molecules we can use this definition to quantify chirality of electromagnetic fields. 
Chirality is time-even and parity odd. This can be visualized by considering the fact that 
the lack of inversion symmetry which is the principle requirement of being chiral 
automatically makes chirality parity odd. However, a chiral object such a helix does not 
change its handedness under timer reversal.  
In other branches of Physics measures for chirality have been introduced. These measures 
mostly are in the form of A. A . For instance, Woltjer demonstrated that 3d r A. A  
can be a measure of knottedness of the fields lines of A  8, 9.  
One could derive the absorption rate for achiral molecule by following a procedure similar 
to that of an achiral molecule. A chiral molecule is identified by  
,i i   p = E + B m = G + E          (1.4) 
where ,i i              are the complex electric polarizability and the complex 
magnetic polarizability and i       is the complex chiral polarizability of the 
molecule. Under a monochromatic plane wave excitation of 0 0(t) , (t)
i t i te e    E E B B , 
the rate of excitation of the molecule can be calculated as  
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* *( . . )
2
A

  E.p+ B.m E p+ B m ,       (1.5) 
which after inserting the chiral forms of electric and magnetic dipole moments can be 
written as a sum of the usual achiral term plus a new term that contains the candidate 
expression for electromagnetic chirality: 
2 2 *( | ) ( . )
2
A

      E | + | B | E B        (1.6) 
The terms in the first parenthesis represent the familiar expression for the excitation rate of 
an achiral molecule. These terms are proportional to the product of the imaginary part of 
the electric and magnetic polarizability and the electric and magnetic energy densities. 
There is a second term, however, which emerges only for a chiral particle through the 
product of imaginary part of the chiral polarizability and electromagnetic entity. This 
electromagnetic entity is an indicator of the rate of excitation for a chiral molecule which 
fulfills the first criterion for being a candidate to represent optical chirality density. Further 
scrutiny on the proposed expression reveals that it is parity-odd and time-even.  Using the 
newly derived excitation rate of chiral molecules one can obtain for the dissymmetry factor 
*( . )
( )( )
e
g
U
 
 
 
E B
         (1.7) 
Interestingly it is observed that if one could maximize the ratio of optical chirality density 
to that of the electromagnetic field density an enhanced chiral-light matter interaction could 
be anticipated. It is well known that one of the more prevalent and successful ways to 
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enhance electromagnetic field and to localize it is through plasmonics which will be 
introduced briefly in this chapter. 
1.3 Plasmonics 
Most plasmonic devices, especially those operating at optical frequencies, use metals. In 
this section we present a classical model that describes the permittivities of metals. 
Classically the permittivity of a metal is described by Drude-Sommerfield model in which 
a metal is considered as a gas of free electrons with a background of ionic lattice. An 
equation of motion of an electron of the free-electron gas is given by10: 
2
02
i t
e e
d d
m m e e
dt dt
    
r r
E          (1.8) 
where me is the effective mass of electrons, γ is the damping coefficient, e is the charge of 
the electron and 0
i te E  is the external field. Equation 1.8 can be rewritten in frequency 
domain as 
2
0e em i m e  r - r = - E          (1.9) 
The polarization of a metal can be obtained from 
2
02( i )e
ne
ne
m
   
  
P r E         (1.10) 
n is the density of free electrons. On the other hand, the constitutive relation which connects 
the electric displacement field and electric field can be written as 0 D = E = E + P which 
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together with equation 1.10, leads to the frequency dependent equation for the permittivity 
of metals: 
2
2
( ) 1
p
i

   
  
         (1.11) 
where 
2
0
p
e
ne
m
 

 is the plasma frequency of the metal, which normally lie in the UV 
and optical range of the electromagnetic spectrum. The Drude model works well in longer 
wavelength, but as one approaches the visible region of the spectrum interband electronic 
transitions become relevant and one should make corrections to this model. Which results 
in a more accurate term for permittivity  
2 2
2 2 2
0
( ) 1
( )
p pb
b bi i
 
    
       
        (1.12) 
where the summation takes into account the contributions from different interband 
transitions of electrons, each representing a Lorentz oscillator with parameters 0, ,pb b b    
1.3.1 Propagating Surface Plasmons Polaritons 
In this section we study the electromagnetic modes that can exist in a planar metal-
dielectric interface. A schematics of the problem is shown in figure 1.4. Propagating 
surface plasmon polaritons (SPPs) are longitudinal collective oscillations of surface 
charges coupled to incident light.  
In the absence of free charge and current densities the curl equation can be rewritten as  
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2
0 2
μ
t



D
E = -           (1.13) 
By making use of constitutive relations the equation 1.13 can be rewritten as: 
2
2
2 2
0
c t

 

E
E -

          (1.14) 
Which for a time-harmonic monochromatic wave, 0(t)
i te E E , can be rewritten as:  
0
2 2 0k E + E =            (1.15) 
where 0k
c


. This is the Helmholtz equation which should be solved for metallic and 
dielectric regions respectively and then the appropriate boundary conditions should be 
imposed. A propagating wave at the boundary can be described as ( , , ) ( ) i xx y z z eE E  . β 
is the propagation constant and is the component of the surface wave that is in the direction 
of propagation. Substituting this field into the Helmholtz equation one obtains: 
 
Figure 1.4. (a) Schematics of exciting a SPP by prism-coupling. (b) Propagation of SPP on 
the metal-air interface with proper boundary conditions. 
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2
2 2
02
(z)
( ) ( ) 0k z
z

  

E
E         (1.16) 
For a time-harmonic field by considering that the field is propagating in the x direction and 
constant in y direction ( , 0i
x y
 
 
 
  ) one arrives at the following set of equations: 
0
0
0
0
0
0
y
x
x
z y
y z
y
x
x
z y
y z
E
i H
z
E
i E i H
z
i E i H
H
i E
z
H
i H i E
z
i H i E

 


 






  

 

 
 
 
  
  
         (1.17) 
Two sets of solutions can be imagined for this problem. TM and TE polarized. It can be 
shown that a TE polarized solution results in inconsistencies, so we focus on the TM 
polarized solution. For such a solution, only the transverse component of the magnetic 
field, Hy, and Ex and Ez are non-zero. For TM polarized waves the set of the governing 
equations can be simplified to: 
0
0
2
2 2
02
1
( ) 0
y
x
z y
y
y
H
E i
z
E H
H
k H
z

 

 

  

 

 
 
         (1.18) 
For which the solutions can be obtained as: 
12 
 
 
2
2
2
2
2 2
2 0
1
2 0
(z)
1
( )
( )
k zi x
y
k zi x
x
k zi x
z
H A e e
E z iA k e e
E z A e e





 



 

 
         (1.19) 
for z>0 and  
1
1
1
1
1 1
2 0
1
1 0
(z)
1
( )
( )
k zi x
y
k zi x
x
k zi x
z
H A e e
E z iA k e e
E z A e e

 
 



 

 
         (1.20) 
 
 
Figure 1.5. Dispersion relation for SPPs at the interface between vacuum and silver.  
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for z<0. By imposing the boundary conditions of the continuity of the tangential magnetic 
field and normal electric displacement field one can arrive at the dispersion relation of the 
propagating surface wave, the SPP: 
1 2
0
1 2
k

 

 
          (1.21) 
For the case that the surrounding medium is air, equation 1.21 can be written in terms of 
frequencies as 
21
p
sp 




           (1.22) 
where ωsp is the surface plasmon frequency and ωp is the plasma frequency of the metal. It 
is clearly seen that a resonance condition can be met if the medium can have negative 
permittivities, which is the case for metals.  
1.3.2 Localized Surface Plasmons  
The concept of localized surface plasmon resonance (LSPR) emerges when we ask the 
question of what happens when we illuminate a subwavelength nano-meter metal nano-
particle. Figure 1.6 illustrates the physical system of a sub-wavelength particle in an 
electromagnetic field. This problem can be simplified to a great extent if we note that we 
can neglect the field-variation across the particle due to its sub-wavelength scale. This 
results in neglecting the retardation effects and simplifies the problem to a sphere in a 
uniform field. We know how to tackle this problem from our freshman Electromagnetism 
course! Since we are working in electrostatic approximation and there is no free charge or 
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free current in the system, it narrows down to solving the Laplace equation for the problem 
and finding the electric potential inside and outside the sphere.  
  ,     in in out out   E E         (1.23) 
Since there is no free charge density one can use Laplace equation to write: 
2 20    ,      0 in out              (1.24) 
The solution for Laplace equation in spherical coordinates is given by: 
(n 1)
/ ( ) (cos )
n
in out n n na r b r P
            (1.25) 
where (cos )nP   is the nth order Legendre polynomial. By applying the appropriate 
boundary conditions one can find the involved coefficients. For one thing the electric 
 
Figure 1.6. (a) Schematics of exciting a LSPR in a metalic nanoparticle. The external electric 
field of the light casues the collective oscillation of free charge density of the matal particle.  
(b) In quasistatic limit this problem can be viewed as a sphericla particle in a uniform external 
electric field. 
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potential should not diverge inside the sphere when 0r   and should approach its 
asymptotic value when r  . Namely: 
0 0
0
lim   is finite         ,            lim  cosin out
r r
E z E r
 
       .    (1.26) 
Also from the boundary conditions that the potential and the normal component of the 
electric displacement field should be continuous across the boundary we have: 
( ) ( )           ,   | |in outin in in r a out r ar a r a
r r
 
 
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Plugging equation 1.25 into these boundary conditions one obtains for the electric potential 
inside and outside the sphere: 
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Taking the gradient of the potentials one can obtain the electric fields inside and outside 
the particle. The electric field outside the sphere is a sum of the external field plus a term 
that is exactly the electric field of a dipole with polarizability of 34
2
out in
in out
a
  
  
  
. A 
closer look at the denominator of this polarizability reveals that for a material with negative 
permittivity it can have a pole which leads to a resonance condition with very high value 
of polarizability and hence an enhanced electric field in the vicinity of the particle which 
drops as 31/ r . In figure 1.7-a we have simulated the electric field 5 nm outside a 40 nm 
gold nano particle which is excited by an incident beam with λ=532 nm. It can be seen that 
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the field in strongest in the direction of polarization of the field. The electric field can be 
further enhanced and localized in the gap between the nanoparticles as can be seen in 
figures 1.7-b and 1.7-c. 
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by an incident beam with λ=532 nm. It can be seen that the field in strongest in the direction 
of polarization of the field. (b),(c) The electric field can be further enhanced and localized in 
the gap between the nanoparticles as can be seen in figures 
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Chapter 2 
2.1 Plasmonic Enhancement of Optical Chirality 
The two enantiomers (mirror-images) of a biomolecule can show drastically different 
behaviors, requiring the development of sensitive approaches for their identification and 
separation. Plasmonic nanostructures have shown promise for enhancing the sensitivities 
of chiral spectroscopies, but the generation of chiral near fields with a specific handedness 
in the spatial domain surrounding the plasmonic structures remains a challenge. Here we 
demonstrate that achiral bianisotropic structures, which couple the electric and magnetic 
fields, can achieve high enhancements of optical chirality in an extended spatial region. 
Magneto-electric coupling in such structures facilitates electrically excited magnetic 
resonances in the near IR and optical regimes, which in turn can result in highly enhanced 
optical chirality in an extended region of space. We apply this concept to achiral double 
split ring resonators (DSRRs) and demonstrate their potential in generating enhanced chiral 
fields and forces. Also, the behavior of optical chirality density gradient and chirality flux 
in such structures is examined, and it is shown that plasmonically generated chiral forces 
may pave the way to a new class of chiral biosensors. An object is chiral if it cannot be 
mapped to its mirror image by rotations and translations alone. Chiral molecules can exist 
a priori in two non-superimposable mirror images, i.e., enantiomeric forms. Enantiomers 
can differ in their chemical behavior and reactivity, which can have drastic consequences. 
In drugs, for instance, one enantiomer may have a desired physiologic effect, while the 
other enantiomer can be inactive or even harmful. The most infamous example is 
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thalidomide (“contergan”), for which one enantiomer is an effective sedative, whereas the 
other is teratogen. Administration of the racemic mix to pregnant women led to the birth 
of thousands of children with malformed limbs.11 This example illustrates the need for 
highly sensitive detection of chiral biomolecules in research and drug development. 
Chemical enantiomers have long been distinguished through their optical activity.12 The 
interaction between a molecule with a given chirality and electromagnetic (EM) fields 
depends strongly on the degree of chirality of the EM field, a measure for which was 
introduced by Lipkin.13 Such interactions are utilized in circular dichroism (CD) 
spectroscopy which is the dominant tool to detect and characterize chiral biomolecules.14 
In this technique the difference in optical excitation of a chiral molecule by left and right 
circularly polarized light (CPL) is recorded. It is now understood that the field 
enhancement provided by plasmonic nanostructures can facilitate the generation of local 
optical chirality densities larger than local optical chirality of the CPL. Tang and Cohen 
introduced the concept of optical chirality as a measure of the local chiral density of the 
electromagnetic field and demonstrated the possibility of generating light with enhanced 
enantio-selectivity which they dubbed “super-chiral” light.15, 16 The definition of optical 
chirality density of the electromagnetic field at a frequency ω, K = −(ε0ω⁄2)Im(E*·B), 
where E and B are the complex electric and magnetic fields, respectively, implies that K 
can be enhanced through correct alignment of the strong evanescent E- and H-fields around 
plasmonic structures.17-20 If we assume that the optical response of the plasmonic structure 
is not appreciably altered in the presence of a chiral molecule it can be shown that 𝐶𝐷 ∝
−4
𝜀0⁄ 𝐼𝑚(𝜒)𝐾 , where 𝜒  is the electric-magnetic dipole polarizability of the chiral 
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molecule.15, 16, 21 So it is readily concluded that by enhancing optical chirality density one 
can achieve an enhanced CD signal. However, there are two major obstacles in such 
enhancement schemes. First, it has proven challenging to generate evanescent enhanced 
chiral fields with uniform sign of optical chirality over large areas in the vicinity of metal 
nanostructures.21-25 This problem is a consequence of the dominant electric dipole character 
of optically active modes in conventional plasmonic structures. Second, most of the focus 
in the literature has been on utilizing chiral structures to generate chiral near-fields. While 
this approach is in principle feasible,17 in applications that seek to achieve enhanced chiral 
molecular signals, the need for separating the optical activity stemming from molecules 
from that of a chiral structure introduces additional experimental complexity. Usually one 
will have to subtract a molecular CD signal from that of a chiral metal structure 
background. A series of geometries have been devised to alleviate the first problem, 
including three dimensional (3D) helical metal structures26 and negative refractive index 
fish-net structures27. Such structures can provide relatively large regions of uniform-sign 
chiral near-field. However, due to their three dimensional nature their fabrication, 
especially for operation in the visible range of the electromagnetic spectrum, is involved. 
In addition, the degree of enhancements reported for these structures is quite low. Garcia-
Etxarri and Dionne demonstrated that isotropic nanostructures sustaining optical-frequency 
magnetic and electric resonances can yield a globally enhanced optical chirality.21 The 
proposed materials utilized, however, Mie resonances of a high-refractive index spherical 
particle, which generate only modest electromagnetic field enhancements. Consequently, 
the obtained degree of local chirality enhancement and its spatial extension were 
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intrinsically limited. Here we show that achiral bianisotropic plasmonic structures which 
couple the electric and magnetic fields achieve high enhancements of optical chirality in 
an extended spatial region. We demonstrate that the magneto-electric coupling in such 
structures facilitate electrically excited magnetic resonances in near IR and optical regimes 
which in turn can result in highly enhanced optical chirality in an extended region of space. 
We apply this concept to achiral split ring resonators (SRRs) and demonstrate their 
potential for generating enhanced chiral fields and forces.  
2.2 Characterization of Resonances in Double Split Ring Resonators 
Double Split ring resonators (DSRRs) are best known in the context of metamaterials as 
  
Figure 2.1. (a) Map of the simulated electric field enhancement (|E/E0|) for the investigated 
DSRR (see text) at λ=1258 nm. The highest E-field is observed in the gap between the rings 
as well as the capacitive gaps. (b) Map of the simulated magnetic field enhancement (|H/H0|) 
for the DSRR at λ=1258 nm. The largest enhancement occurs inside the DSRR close to the 
inner ring and spreads inside the enclosed area (c) Bird’s-eye view of |E/E0| and |H/H0| 
distributions. The polarization of the incident wave is as (a). 
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the benchmark for negative refractive index and left-handed materials.28 The DSRR, Figure 
2.1, is composed of two conducting rings of metal with gaps on opposite sides. The rings 
possess self-inductance, L, and the gap in the rings creates a capacitance, C. Thus, the 
DSRR forms an RLC resonator, with resonance frequency at ω0 =
1
√𝐿𝐶
.29, 30 Despite the 
seemingly straightforward physics of DSRRs, subtle effects can be generated depending 
on the angle of the incident wave and its polarization. It is well-understood that DSSRs are 
bianisotropic structures, with magneto-electric coupling through cross-polarization 
terms.31-33 Simultaneous electric and magnetic resonances of the structure, due to its 
bianisotropy, can be a basis for new optical chirality enhancement schemes. To account for 
the magneto-electric coupling, one can use the general constitutive relations:33  𝑫 =
𝜀𝜀0𝑬 − 𝑖√𝜀0𝜇0𝛾𝑯  and 𝑩 = 𝜇𝜇0𝑯 + 𝑖√𝜀0𝜇0𝛾
𝑇𝑬  where  𝛾  is the magneto-electric 
coupling tensor. Traditionally DSRRs have mostly been investigated in the GHz and THz 
regimes. Extending this concept to the IR and optical regimes poses several difficulties.34-
39 In the IR and especially in the visible spectral range metals are no longer ideal 
conductors. The frequency of the EM wave is close to the plasma frequency of the metal 
and the role of the imaginary part of the complex permittivity is more pronounced. In 
addition, in the GHz and THz regimes magnetic resonances of the DSRR arising from non-
zero normal component of the incident H-field are much stronger than those stemming 
from modes excited through the E-field component.40 Such magnetic resonances are the 
cornerstone for negative permeability. This is not a priori the case in the optical regime 
where strong plasmonic resonances can be generated and one should incorporate the non-
trivial kinetic inductance into L and additional surface contributions into the capacitance 
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C.34-37. Furthermore, in the IR and visible regimes even normal incident EM fields with no 
magnetic flux through the DSRR can excite magnetic resonances.34 In ref 27, it is 
demonstrated that in U-shaped SRRs illuminated by normally incident, linearly polarized 
light, magnetic modes contain an odd number of half-wavelengths of the current density 
within the ring, whereas electric resonances correspond to integer numbers of the full 
wavelength.37 The focus in these studies have, however, been on U-shaped SRRs which 
are composed of three legs. Each of these legs is considered a single resonator that can 
sustain independent modes. However, the DSRR considered here comprises two 
monolithic rings, each of which is a single resonator. In addition, due to close proximity of 
the double rings in the DSRR, mode hybridization and also stronger resonances are 
expected. To gain insight into the nature of the resonances in this design we performed a 
series of full wave, finite-difference time-domain simulations for different polarization 
conditions. The structure is embedded in vacuum and periodic boundary conditions are 
applied. The inner ring of the investigated DSRR has an inner radius of 130 nm and an 
outer radius of 160 nm with a gap size of ten degrees and a thickness of 30 nm. The outer 
ring has an inner radius of 170 nm and an outer radius of 200 nm. The gap opening is the 
same as that of the inner radius. Gold was chosen as the material and the optical constants 
were extracted from Johnson and Christy.41  E- and H-field distributions for the SRR at 
λ=1258 nm are illustrated in Figure 2.1. This wavelength was chosen because it is close to 
the magnetic quadruple mode. Also, at this wavelength an extended, uniform-sign chiral 
near field is generated around the DSRR. To keep our analysis intuitive, we first treat the 
resonators separately 
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and focus on the outer ring (OR) assuming an incident E-field polarization perpendicular 
to the SRR gap. This is demonstrated in Figure 2.2.a, where transmissions for two different 
incident k-vector orientations are shown. In the first case, the incident k-vector is normal 
 
Figure 2.2. (a) Transmission spectra for the investigated SRR (see text) for two different incident k-
vectors (see insets). In both cases the incident light is polarized along the x-axis perpendicular to the 
gap. (b) In the case of zero magnetic flux, y-polarized incident light couples to the magnetic modes 
as is evident from the degeneracy of the modes excited by two polarizations of incident light (see 
insets) (c) Transmission spectra of the SRR for normal incident light with circular polarization (red) 
and with two orthogonal linear polarizations (purple and green). (d-f) Current density (J) 
distributions for different resonances. The current density map is plotted for the electric resonance at 
λ=1782 nm in (d) and for the magnetic resonances at λ=3805 nm and λ=1010 nm, in (e) and (f), 
respectively. J spans a full wavelength around the ring in (d), half wavelength in (e) and three half 
wavelengths in (f). 
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to the SRR plane and there is no incident magnetic flux through the ring. As the incident 
light preserves the symmetry of the SRR, it does not couple to the capacitive mode of the 
gap and consequently will not excite the fundamental magnetic mode.34 However, with the 
same polarization but with the k-vector parallel to the SRR plane, the normal H-vector 
penetrates the ring and extra modes are excited which are magnetic in nature. We 
confirmed this by finding the distribution of the current density (J) in the ring. As it is seen 
in Figure 2.2.a, the only excited mode in the case of zero magnetic flux (blue line) is at 
1782 nm when J (Figure 2.2.d) spans a full wavelength around the ring. This is physically 
intuitive, as in such a case the maximum net dipole moment of the ring is produced and 
couples efficiently to the external field. The net current flowing in the ring, however, is 
virtually zero, hindering any magnetic resonances. In the second scenario (green line in 
Figure 2.2.a), with a non-zero magnetic flux through the ring, additional modes besides the 
fundamental electric mode are excited. In this case the first mode at 3805 nm is the 
fundamental magnetic mode for which J forms a half wavelength standing wave in the 
resonator (Figure 2.2.e). This corresponds to an asymmetric charge distribution across the 
gap. In this situation a net current is induced in the ring and the two sides of the gap are 
capacitively coupled. The next higher mode at 1782 nm lies at the same wavelength of the 
electric dipole mode and shows the same J distribution obtained without net magnetic flux 
through the ring. It is concluded that for the incident EM wave with an E-component 
perpendicular to the SRR gap, magnetic resonances are observed only if an H-field 
component through the ring is present. The situation is starkly different, however, in the 
case of an incident E-field aligned parallel to the gap. Transmission spectra for two 
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scenarios with orthogonal H-field  
orientations are shown in Figure 2.2.b. It is evident that the excited modes are degenerate, 
with only slight differences in their strength. This stems from the ability of the incident E-
field to excite the modes with asymmetrical charge distributions across the gap. In the 
circuit model terminology, the asymmetrical charge distribution induced by the incident E-
Figure 2.3. (a) Map of the simulated 
electric (|E/E0|) and (b) magnetic 
(|H/H0|) field enhancement for the 
Gammadion as described in the text at 
λ=2120 nm. While the E-field is most 
strongly localized at the tip of the metal 
bars, the H-field is strongest in the 
central part of the structure. (c) CD plot 
of the Gammadion (navy) compared to 
that of the DSRR (purple).  
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field renders a non-zero capacitance across the gap, which can couple to the inductive 
modes of the ring resonator. The J distribution of the mode at λ =1070 nm (Figure 2.2.f) 
for such a polarization contains three half wavelengths, consistent with the current density 
distribution for the quadruple magnetic resonance. 
If one adds the inner ring and introduces CPL for excitation, mode hybridization between 
inner and outer rings of the DSRR as well as the superposition of modes excited by x- and 
y- polarized waves result in additional features and spectral shifts. This is demonstrated in 
Figure 2.2.c, where the transmission spectra for the DSRR under different polarizations are 
plotted. We ensure that electrically excited magnetic modes are present in the DSRRs 
throughout the remaining part of our manuscript by using CPL under normal incidence. 
This is especially significant as the excited modes give rise to strong magnetic responses, 
which in turn will result in chiral enhancement even at frequencies that do not fall near any 
electric dipolar resonances. This is a departure from conventional schemes of enhancement, 
which mainly rely on modes which are electric in nature.  
2.3      Comparison between the CD signals from Gammadion and DSRR.  
Despite having anisotropic and bianisotropic properties,31, 33 the DSRR is not geometrically 
chiral. Consequently, we expect that the DSRR, despite generating enhanced chiral near 
fields, will not contribute to the total detected CD signal. To test this, the absorptions under 
normal incident right circularly polarized light (RCPL) and left circularly polarized light 
(LCPL) were calculated, and the CD spectrum was determined as the difference between 
the two absorption spectra. We performed this analysis for the DSRR as well as for a chiral 
reference structure. For the latter we chose a Gammadion, Figure 2.3.a, which is an 
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intensely studied chiral structure in the literature.17, 25 The width and length of the 
gammadion, which is made of gold, are 400 nm each with a thickness of 20 nm. The size 
of the gap between adjacent arms is 80 nm. In Figure 2.3.c the CD spectra of both DSRR 
and gammadion are plotted. It is evident that the CD signal from the Gammadion, which 
has spatial dimensions comparable to those of the DSRR and its plasmonic resonances 
spectrally overlap with those of the DSRR, is significant while we obtain virtually zero CD 
signal from the DSRR.  
2.4    Same-sign chiral near fields surrounding DSRR.  
One of the obstacles in using plasmonic structures, such as the Gammadion, as substrates 
for surface enhanced chiral spectroscopy is the alternating sign of optical chirality, K, 
around them, which suppresses a net chiral enhancement, unless molecules can be 
selectively located at specific spots. To overcome this problem, alternative design 
approaches, including nano-bars arranged in a 3D configuration,24 3D helices,26 and high 
refractive index materials,21 have been proposed. Each of these proposed designs offers, 
however, unique challenges for fabrication and practical implementation. For instance, the 
generation of 3D arranged nano-bars requires intricate 3D nano-fabrication with precise 
alignment. For the helices, the incoming wave should be incident at grazing angle and, 
furthermore, the fabrication of morphologically well-defined 3D helices remains 
cumbersome. Moreover, the resonance frequencies of such structures normally lie far from 
the visible and near-infrared regimes, which are desirable spectral ranges for chiral bio-
sensing. Simultaneous electric and magnetic resonances associated with high-refractive 
index materials offer interesting design options for chiral sensing, but realistic estimates of 
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the achievable enhancements are low due to the lack of strong plasmonic resonances.21 
Achiral DSRRs, which are 2D structures and easy to fabricate in the near-IR and optical 
regime,42 are prominent candidates for enhancing chirality as they are bianisotropic 
structures, which can sustain magneto-electric coupling, hence strong magnetic responses. 
The spatial distribution of the electric and magnetic fields of the loop design in DSRR 
guarantees non-perpendicular components of these fields and together with the 
 
Figure 2.4. (a) Optical chirality in xy-plane at λ = 1250 nm. Inside the DSRR inner ring a uniform-
sign enhanced chiral field is generated. (b) Distribution of such field in the xz- and yz-planes. The 
enhanced chiral field preserves its sign in a large central volume (c) A bird’s-eye view of optical 
chirality density in the volume surrounding the DSRR. (d) Spectrum of absolute value of peak chiral 
enhancement vs excitation wavelength. (e) Spectrum of chiral enhancement for two different spots 
inside the DSRR. 
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intrinsic π/2 phase difference between the electric and magnetic component in the near 
field region can result in an extended enhanced optical chirality, K. We emphasize that 
such alignment is missing in a linear electric dipole, where E- and H-fields have their local 
maxima at perpendicular angles (See Figure 2.3.a, 2.3.b). To validate this intuitive picture 
of chiral near-field generation in DSRRs, we performed full-wave EM simulations. In the 
first step, the generation of uniform-sign chiral fields in the vicinity of the DSRR was 
tested. Before visualizing the optical chirality it was normalized to that of CPL. In Figure 
2.4.a the resulting optical chirality of the DSRR in the xy-plane is shown at λ = 1258 nm. 
Signs were chosen such that LCPL has positive chirality. The plot confirms the formation 
of a highly enhanced chiral field of uniform sign inside of the DSRR. In stark contrast to 
most of the chiral structures studied previously,17, 22-25 the DSRR does not show strong 
fluctuations in the sign of the optical chirality as a function of spatial angle inside the space 
enclosed by the DSRR where the optimum alignment of the E- and H-field is obtained. 
The distribution of the optical chirality in the xz- and yz-planes are shown in Figures 2.4.b. 
A bird’s eye view of the chirality enhancement is shown in Figure 2.4.c. The relative 
orientation of the E- and H-field in these planes facilitates a preservation of chiral field 
over large regions in space. In order to gain insight into the spectral behavior of chiral 
enhancement in the DSRR we calculated the chiral enhancement peaks and chiral 
enhancement at two different points inside the DSRR vs excitation wavelength (Figure 
2.4.d, 2.4.e). The peak chiral enhancement can reach values as high as 45 (Figure 2.4.d). 
Such highly enhanced chiral fields, however, are largely confined to small areas such as 
the narrow gaps between the rings and the end capacitive gaps and are due to the very large 
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field enhancements in such spots. Although, the trend of the peaks follows the resonances 
of the structure (see Figure 2.2.c), they occur slightly off these resonances. For instance, 
the highest enhancement appears at around λ=1580 nm instead of at λ=1420 nm, which is 
the electric dipole resonance of the DSRR. When the structure is on electric (magnetic) 
resonance, it acquires additional π/2 phase delay (advance) with respect to the magnetic 
(electric) near-field, which destroys the required phase condition and minimizes the chiral 
enhancement. But when the resonance is passed, the π phase acquisition of the resonator 
revives the required phase condition with an opposite sign. This can be clearly seen in 
Figure 2.4.e where chirality enhancement is plotted for two different spots inside the 
DSRR. The negative peak of the chiral enhancement is red-shifted relative to the dipolar 
electric resonance, whereas the positive peak is blue-shifted. For the wavelengths between 
the electric dipole resonance at λ=1420 nm and the magnetic quadruple resonance at 
λ=1070 nm a broadband positive chiral enhancement is observed. Beyond the dominant 
magnetic resonance at 1070 nm additional weaker magnetic modes are excited which give 
rise to weaker enhancements. Finally, it should be mentioned that this spectral tunability 
of chiral enhancement, which solely depends on the excitation wavelength and not the type 
of circular polarization of the incident wave, adds to the potential of DSRRs for chiral 
sensing schemes.  
2.5    Chirality density gradient and chirality flux near the DSRR.  
So far we have focused on optical chirality near the DSRR and on the design considerations 
to generate same-sign chiral fields. Recently there has been an increasing interest in a novel 
chiral bio-sensing scheme which is based on enantiomer-selective separation of a racemic 
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mixture through chiral forces.43-49 The fundamental mechanism underlying an enantiomer-
selective separation is the creation of experimental conditions under which chiral objects 
with different handedness experience forces in opposite directions. In the linear and 
harmonic regime a chiral dipole can be described by:43 𝑷 = 𝛼𝑬 + 𝑖𝜒𝑯 , 𝒎 = −𝑖𝜒𝑬 + 𝛽𝑯, 
where 𝛼 is the complex electric polarizability , 𝛽 is the complex magnetic polarizability 
and 𝜒 is the electro-magnetic dipole polarizability which we call the chirality factor. Due 
to such electric-magnetic mixing through  𝜒 , a chiral dipole in a gradient field will 
 
Figure 2.5. (a) Gradient of optical chirality, K, at λ=1258 nm in the xy-plane. The gradient 
vector field is mostly confined to the plane perpendicular to the energy flow and linear 
momentum of the EM field. (b) A bird’s eye view of the Poynting vector at λ=1404 nm shows 
that the optical energy circulates preferentially in-plane with the DSRR. (c) Vector field of the 
chirality flux at λ=1404 nm in the xz-plane, perpendicular to the DSRR. This flux is asymmetric 
and highly localized. (d) Calculated force components for a chiral dipole. The position of the 
dipole is shown in the inset and was chosen to maximize the chiral contribution to the force. 
Right –handed and left-handed chiral dipoles are denoted with R and L respectively. 
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experience not only the usual achiral gradient force, but also a chiral force.  Such a chiral 
force can be decomposed into a reactive and dissipative parts which depend on the real and 
imaginary parts of the complex 𝜒 respectively. The reactive chiral force can be written as:43 
〈𝐅χ
r〉 = Re[cχ](
c
ω
)(𝛁K), where c is the speed of light.  Since two enantiomers have χ-values 
of opposite sign, they will experience forces of opposite sign. As is evident from the 
expression for reactive chiral force, a large optical chirality gradient is required to realize 
such a chiral force. Our main purpose in this section is to propose a new approach for chiral 
trapping based on plasmonic effects and not interference-based mechanisms43. In such 
schemes a precise interference of counter-propagating beams is utilized to create local 
chiral gradient fields, which are in general weak. To demonstrate that in principle the idea 
of plasmonically generated chiral forces can be an alternative to the previously proposed 
schemes, we first calculated the gradient of optical chirality density around the DSRR at 
λ=1258 nm (Figure 2.5.a). The preferential radial orientation of the chiral density gradient 
is in sharp contrast to that of Poynting vector (Figure 2.5.b) and linear momentum of light. 
The individual chiral gradient vectors point mostly inward (outward) for the inner ring 
(outer ring). It can be seen in Figure 2.5.a that in an ideal experimental case, the 
enantiomers on the boundary will experience opposite chiral gradient forces and as long as 
the competing achiral forces are smaller, at least in some directions, one can realize 
enantio-separation. 
In the next step, we calculated the forces exerted on chiral dipoles of opposite handedness 
using Maxwell’s Stress Tensor. We simulated the chiral dipoles with a combination of 
parallel (antiparallel) electric and magnetic dipoles which represents a left-handed (right-
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handed) helical molecule.50 The excitation frequency of the dipole was centered at 1070 
nm to couple most efficiently to the dominant quadruple magnetic resonance of the DSRR. 
The chiral dipoles were placed inside the DSRR at the marked position in the inset of Figure 
2.5.d and were located 5 nm above the DSRR. The DSRR was excited by circularly 
polarized light. In order to minimize the competing achiral gradient force components in 
the DSRR plane, we chose the electric and magnetic dipoles in z direction. For the chosen 
chiral dipole, 𝑝 ∝ 𝑚 and Im[χ] ≪ Re[χ].43, 51-53 Figure 2.5.d shows the calculated force 
components as function of the excitation wavelength. As we expected, the dipoles couple 
most efficiently to the magnetic modes of the DSRR. This is of crucial significance in 
minimizing plasmonic achiral gradient forces, which peak at the electric resonances. Fx, Fy 
which lie in the DSRR plane show opposite signs for two enantiomers. Interestingly, they 
peak at the wavelengths for which highest chiral enhancements occur. This is a 
consequence of the fact that the chiral force depends on the gradient of the chirality density 
and not the electric (magnetic) energy density. This exciting result, however, should be 
considered together with the dominant achiral force in z direction, which is three to four 
orders of magnitude larger than the in-plane chiral forces and is of the same magnitude for 
both enantiomers. This is plotted in the inset of Figure 2.5.d. Unlike the chiral forces, Fz 
peaks at the electric dipole resonance of the structure where a giant downward gradient 
force is exerted to both enantiomers of a chiral dipole and dominates over any chiral force 
in this direction. This means that in a hypothetical experiment both enantiomers would get 
trapped in the DSRR plane due to this large downward gradient force. At the same time, 
both enantiomers experience opposite chiral forces in x and y directions and would, 
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therefore, physically separate. This example demonstrates the potential of plasmonically 
generated chiral forces in enantio-separation schemes. It should be noted, however, that the 
DSRRs may not be the ideal plasmonic structure to generate largest chiral gradient forces 
while minimizing the achiral gradient forces. The optimization of this effect needs to be 
investigated further and is beyond the scope of this manuscript. 
2.6    Chiral forces in the vicinity of DSRR  
The reactive chiral force discussed above is determined by the chiral density gradient, 
whereas the dissipative chiral force is given as:  〈𝐅χ
d〉 = Im[cχ] (
2
c
) (𝚽 − 𝛁 × 𝚷 2⁄ ) ,43 
where 𝚽 = {?̃? × (∇ × ?̃?) − ?̃? × (∇ × ?̃?)}/2 is the chirality flow, where ?̃? and ?̃? are the 
real parts of the electric and magnetic fields and 𝚷 = 1/2𝜇0𝑅𝑒[𝑬 × 𝑩
∗]  is the time-
averaged Poynting vector. The dissipative nature of this force arises from the out-of-phase 
component of χ.43 The direct relationship between the dissipative force and chirality flow 
suggests that a large chirality flow will boost the interaction between light and chiral 
biomolecules. To show the behavior of chirality flow near the DSRR we simulated 𝚽 for 
λ =1404 nm. In the immediate surroundings and inside the DSRR there is a dramatic 
discrepancy in the behavior of chirality flow and EM energy flow. The Poynting vector is 
azimuthal and lies in the DSRR (Figure 2.5.b). The orientation of the Poynting vector is 
largely determined by the strong capacitive coupling of the inner and outer rings, which 
results in a preferential radial orientation of the E-field in the gap between them. In 
contrast, the H-field stemming from the LC resonances points mostly out of plane. Unlike 
the energy flow described by the Poynting vector, the chirality flow curls on a spiral-like 
trajectory around the DSRR rings (Figure 2.5.c). Such spatial orientation of chirality flow 
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is closely connected to the definition of chirality momentum density. 54 Also, the 
asymmetry of the charge distribution in the DSRR leads to an asymmetric localization of 
the chirality flow. A chirality flow centered in a confined spatial domain can be highly 
advantageous in limiting the chiral interactions between the incident light and chiral 
molecules to a pre-determined location in space that contains such confined enhanced 
chirality flow. Metamaterials with these properties would be of significant interest in chiral 
bio-sensing and imaging. 
To conclude, we proposed making use of bianisotropic metamaterials to generate chiral 
fields and forces. In particular, we investigated the behavior of optical chirality density and 
optical chirality flow around DSRRs. We demonstrated the potential of DSRRs to generate 
same-sign chiral near field in their surroundings. The enhanced chiral near-field remains 
of uniform-sign over a large region in the center of the DSRRs, where it is easily accessible 
by chiral bio-molecules. Furthermore, it was demonstrated that DSRRs are versatile 
substrates for enantio-selective separation schemes based on the idea of chiral forces. We 
have shown that these well-known metamaterials can create high gradients of optical 
chirality as well as highly localized and enhanced chirality flows. 
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Chapter 3 
Enhanced Optical Chirality through Chiral Surface Plasmon Polaritons 
3.1    Introduction  
Plasmonic nanostructures provide unique opportunities to improve the detection limits of 
chiroptical spectroscopies by enhancing chiral light-matter interactions. The most 
significant of such interaction occur in ultraviolet (UV) range of the electromagnetic 
spectrum that remains challenging to access by conventional localized plasmon resonance 
based sensors. Although Surface Plasmon Polaritons (SPPs) on noble metal films can 
sustain resonances in the desired spectral range, their transverse magnetic nature has been 
an obstacle for enhancing chiroptical effects. Here we demonstrate, both analytically and 
numerically, that SPPs excited by near-field sources can exhibit rich and non-trivial chiral 
characteristics. In particular, we show that the excitation of SPPs by a chiral source not 
only results in a locally enhanced optical chirality but also achieves manifold enhancement 
of net optical chirality. Our finding that SPPs facilitate a plasmonic enhancement of optical 
chirality in the UV part of the spectrum is of great interest in chiral bio-sensing.  
Surface plasmon polaritons, SPPs, are surface electromagnetic excitations confined to and 
propagating along metal-dielectric interfaces55, 56. Upon coupling to photons, a nonzero 
local charge density in a metal or semiconductor, whose conduction electrons form an 
electron gas, creates long-range Coulomb fields which organize the system into collective 
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motion57. SPPs have proved to be promising transducers in biological sensing58, 59, and they 
are considered as a basis for a wide range of optical technologies, including modulators 
and switches60  that can improve bandwidth over existing electronic devices, as well as for 
sub-wavelength amplifiers and lasers61. Interestingly, novel fundamental aspects of SPPs 
keep emerging48, 62-65, ranging from extraordinary momentum and spin in SPPs62, to forces 
and torques produced by SPPs66. However, when it comes to enhancing optical chirality 
by SPPs the interest fades as the strict TM nature of surface plasmon plane waves dictates 
zero optical chirality63, 64. Here we show that SPPs launched by near field sources manifest 
rich and non-trivial chiral characteristics. We analytically solve for the optical chirality of 
such SPPs and explicitly show that this interesting behavior derives from the nature of 
these SPPs as intrinsic superposition states of surface plasmon plane waves. In particular, 
we demonstrate that the interference of plane wave modes in the near-field creates the 
observed chiral behavior of SPPs. We also introduce the concept of Natural Chiral Sources 
(NCS) that can launch chiral SPPs and result in enhanced net optical chirality. We show 
that naturally occurring chiral entities, such as helical DNA molecules, form templates for 
chiral sources that can launch surface plasmons carrying the chiral character of the source. 
This concept is of great significance for extending the spectral range of plasmonically 
enhanced chiroptical effects into the UV spectral range. This regime is of significant 
interest for chiral bio-sensing but has been inaccessible with the more common 
enhancement schemes based on localized surface plasmons.21, 25, 67 Also, such NCSs may 
lay the groundwork for a new class of self-assembled chiral near-field sources that can 
mitigate the challenges associated with top-down nano-fabrication. 
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3.2   Surface Plasmons which are excited by near field dipolar sources 
Because of their coupled nature with photons, surface plasmons are light-like, 
for small and asymptotically approach a constant value  for
, where εm is the permittivity of the metal embedded in vacuum. Unlike bulk 
plasmons, surface plasmons have components parallel and perpendicular to their two-
dimensional propagation vector in the plane of the interface68. As long as the mean free 
path of electrons is much shorter than the wavelength of the plasmon, macroscopic 
electrodynamics can be utilized to describe the optically excited surface plasmons55. The 
interactions between near-field dipole sources and surface plasmons have been investigated 
in detail68-77. Here we will look into the chiral behavior of SPPs excited by differently 
polarized near-field sources in vicinity of a semi-infinite metal surface, See Figure 3.1.a 
for instance. When a near-field source is placed close to an interface that can sustain SPPs, 
it can decay through different channels depending on its distance from the interface. At 
distances comparable to the emission wavelength, , the decay is primarily in the 
form of a photon71. In such a case, the fluorescent life-time shows an oscillatory behavior 
with distance d, which is due to the interference between the radiated and the reflected 
photons71, 78. At distances around d=50 nm, an optimum coupling of source photons and 
propagating surface plasmons is obtained71, 79. The coupling efficiency drops with 
decreasing d and at very small distances, 5 nm, non-radiative processes dominate the 
decay-rate. These processes are determined by intrinsic loss-mechanisms in the metal, 
which include interband transitions, electron scattering loss and electron-hole excitation71. 
( ) cs k k 
k c ( ) 1k p mk   
k c
2d 
d 
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Apart from the distance of the source from the metal surface, its orientation plays an 
important role in determining its decay mechanism. A vertical dipole couples only to the 
p-polarized reflected waves. However, an in-plane dipole can couple to both p-polarized 
and s-polarized components of the back-reflected waves. In the case of near-field excited 
surface charge density oscillations the fields due to the source dominate in the near-field, 
while the fields associated with propagating SPPs dominate for larger distances. The 
propagation of a p-polarized surface plasmon plane wave on a flat surface normal to z 
direction is described by where is the angular frequency, is the 
wave vector which is parallel to the interface and ρ is the radial variable in cylindrical 
coordinates. Surface modes excited by a near-field source possess, however, transverse as 
well as longitudinal components. In the case of a source placed close to an SPP-sustaining 
interface with the current density of the electric field of the SPP can be obtained by75, 
80:     3.1 
where μ0 is the vacuum permeability and is the Fourier transform of the Green’s tensor,
, associated with the metal-dielectric infinite interface: 
    3.2 
It is observed that has poles that are determined by the denominators of the Fresnel 
factors for p-polarized light. These poles relate to the surface plasmon modes and explain 
the resonant nature of these modes. If the metal slab has finite thickness, plasmon modes 
can be determined by the zeros of the transcendental equation: 
 where are the Fresnel reflection 
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coefficients for p-polarized light for upper and lower media respectively72. The SPP wave-
vector is determined by,  where k0 is the free-space propagation 
constant and ε1 and ε2 are the permittivities of the surrounding medium and metal 
respectively. The vertical component of the wave-vector in medium j is determined by 
with . The condition , selects the solutions on one 
Rieman sheet making the square root single valued72.  Equation (1) can be used to find the 
explicit form of the electric field for a generic orientation of dipole placed at a distance d 
above a flat SPP-sustaining surface. To keep it intuitive, we first evaluate the special case 
of a z-polarized dipole at a distance d above the metal slab. Surface plasmons can be excited 
by a vertical as well as a horizontal electric dipole as both orientations have a p-polarized 
component that couples to the longitudinal electron density oscillations. This is not the case 
for vertical magnetic dipoles due to their lack of any p-polarized components81.  
3.3  Optical Chirality from SPPs excited by a linearly polarized dipole.  
Solving for the Green’s tensor of a dielectric-metal interface with a time-harmonic source 
the electric field of a surface plasmon due to a z-polarized dipole can be written, in 
cylindrical coordinate, as72, 74, 75, 80:  
  3.3 
where 1 2 1 2 2 10 2 2
1 2
( , )
4
z z z z
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k k k k
M k
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permittivity and and are different orders of complex Hankel Functions 
of first kind. It is physically intuitive that such an electric field should be azimuthally 
symmetric as the dipole source dictates such symmetry. A closer look at equation (3) 
reveals that such an SPP mode preserves its TM nature due to independence of the electric 
field from the azimuthal angle, which in turn deprives the magnetic field of any 
longitudinal component and leaves the magnetic field only with an azimuthal component. 
As a result, given the definition of optical chirality density C,  as15, 
        3.4 
where E and B are the time-dependent electric and magnetic fields, one finds that C 
unequivocally vanishes for such surface plasmon modes. The result comes as no surprise 
as the optical chirality density is a pseudo-scalar, being anti-symmetric under parity 
transformation, while the physical system at hand is invariant under parity. One may think 
that the presence of the substrate has already broken the z→-z symmetry. However, one 
should consider the combination of the substrate, the dipole and the image dipole, which 
together respect the parity symmetry (Also see Supporting Note 1). The situation is, 
however, starkly different for a point source that breaks the azimuthal symmetry. For 
instance an in-plane x-polarized linear dipole launches surface plasmons with cosφ 
symmetry. This is because it is the longitudinal components of the wave vector that couple 
to the surface plasmons and they dominate mostly in the direction of the dipole. The electric 
field of a surface plasmon due to an x-polarized dipole source can be written as74, 75, 80 
1
0 (k )spH 
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   3.5 
The explicit form of the electric field shows that such an SPP ceases to be transverse 
through incorporating an anti-symmetric transverse component in its electric field that in 
turn results in a longitudinal component of the magnetic field. This is where the first 
condition of obtaining non-trivial values for optical chirality is met, as we make sure that 
such SPP fields will have parallel components of electric and magnetic fields. The second 
requirement is the existence of a phase shift between such parallel components. This 
requirement is inherent to electric and magnetic fields, at least in the near-field. Making 
use of Maxwell-Faraday equation, we derive the magnetic field of the SPP (see Supporting 
Note 2) and then we use equation (4) to calculate the explicit form of the optical chirality 
to be 
    
3.6 
 where . A more expanded and explicit form of the optical chirality 
can be obtained by substituting 
,
where
are the real and imaginary parts of the in-plane SPP wave-vector and
are the real and imaginary parts of the vertical SPP wave-vector. Also we 
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could substitute , where  are 
cylindrical Bessel functions of the first and second kind, respectively. The permittivity of 
silver at λ=357 nm is εr=-2.145 and εi =0.27541, where εr and εi are the real and imaginary 
parts of the permittivity, respectively. Given that and
, one obtains    and , also
. Substituting these values one can simplify equation (6) further: 
(1) (1) (1)
0,1 0,1 0,1( ) ( ) ( )sp sp spH k J k iY k   
(1) (1)
0,1 0,1( ), ( )sp spJ k Y k 
0 1 2 1 2( ) ( )spk k     
2 2
1 1z spk k k  0 01.353 , .07sp spk k k k    1 00.914zk i k
sp spk k
 
Figure 3.1. (a) Schematic of the system of interest. Photons from a near-field dipole couple 
to surface charge density of the silver slab. (b) Simulated transverse magnetic field 
component, Hy, of the excited SPP at 382 nm. Although SPPs are excited, the coupling is not 
ideal and a considerable portion of the EM energy of the dipole propagates to the far-field. 
(c) The excitation of SPPs for an infinitely thick silver slab is most efficient at λ=357 nm. 
(d) Numerically calculated optical chirality of the LSPP. It exhibits the analytically predicted 
sin2φ dependence. The scale bar of Figure 3.1b applies to all the graphs. 
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3.7 
where Y and J are functions of (For details of the derivation see Supporting Note 2). 
A closer look at equations (6) and (7) brings several interesting points to attention. 
Strikingly, contrary to the common perception of surface plasmons exhibiting zero density 
of optical chirality we observe an absolutely non-trivial behavior of surface plasmons in 
terms of optical chirality. First of all, the optical chirality for a SPP excited by an in-plane 
linearly polarized dipole (LSPP) is locally strictly non-zero even at locations remote from 
the excitation source. This contrasts the fields of a linearly polarized dipole that deliver 
zero optical chirality, except in the immediate near-field of the dipole where the electric 
and magnetic fields are yet to be completely transverse. In the case of a point-like dipole 
source such spatial extension approaches ultra-subwavelength values. The reason for the 
non-trivial behavior of optical chirality of such SPPs lies in the fact that such surface 
plasmon modes are superpositions of plasmon plane wave modes that by themselves render 
zero optical chirality but in a superposition state can interfere to produce a locally non-zero 
optical chirality. Recently, such near-field interference effects have been utilized for the 
directional launching of SPPs82. The dependence of surface plasmon’s optical chirality 
density on the azimuthal angle, as shown in equation (6), is anti-symmetric as expected for 
a quantity that is anti-symmetric under parity. The decay of the optical chirality in the 
direction of propagation of the surface plasmon depends in a complex fashion on 
cylindrical Bessel functions, which rapidly decay as the wave propagates outward from the 
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center. This interesting behavior loses some of its significance, however, if we are 
interested merely in the net behavior of the optical chirality. The anti-symmetric azimuthal 
dependence of the optical chirality density ensures that integration over the entire surface 
yields no net chirality. This behavior is certainly dissatisfactory from the biosensing point 
of view as it does not alleviate the discrimination between the enantiomers of a racemic 
mixture. To gain further insight into the behavior of optical chirality in the aforementioned 
circumstances we did a series of vectorial full-wave simulations. A dipole source with 
electric dipole moment of 1 D (1 D=3.3356×10-30 C.m) was placed 50 nm above a thick 
silver slab in x direction. The infinite thickness of the slab ensures the absence of any 
reflected waves from the lower interface and also inhibits Fabry-Perot type modes in the 
metal. Due to the lack of back-reflected waves, the observed fields in the simulated plane 
are solely due to the exciting source. The specific vertical height of 50 nm was chosen to 
represent a real-world position of a near-field source. Also in closer distances dissipative 
channels hinder efficient coupling of dipole near-field photons with the surface modes (For 
the details of the simulations See Methods). Figure 3.1.b and 3.1.c show the transverse 
component of the magnetic field, Hy, in xz plane. It is noticed that as the frequency of the 
source approaches that of the SPP resonance, the surface modes couple more efficiently to 
the source. In the investigated geometry the SPP resonance occurs at around 357 nm, 
Figure 3.1.c. We evaluated the optical chirality density in a plane 5nm above the silver 
surface and plotted C for λ=357 nm (Figure 3.1.d). The plot confirms that the simulated 
optical chirality behaves as predicted by equation (6). C vanishes in the direction of the 
dipole oscillations as well as perpendicular to it. It also rapidly decays as propagates away 
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from the center. It should be mentioned, however, that despite this rapid decline, such SPP 
shows a spatial extent of locally enhanced chiral fields which is comparable to schemes 
based on localized surface plasmons83. 
3.4 Optical Chirality from SPPs excited by a circularly polarized dipole.  
The observed chiral behavior is totally distinct when we consider the surface plasmons 
excited by a circularly polarized dipole: , where are unit vectors in x and 
y directions, respectively. Such a near-field source has recently attracted attention both 
experimentally82, 84 and theoretically85. Although the metal slab is invariant under xy-plane 
mirror reflection, exciting the surface plasmons with a circularly polarized dipole which 
itself is chiral breaks the reflection symmetry and bestows the physical system with 
chirality. As a consequence, one expects a chiral behavior that differs from the one 
described above for the linearly polarized dipole excitation. A schematic drawing of the 
physical system is shown in Figure 3.2.a. The transverse magnetic field in the xy plane, Hy, 
is plotted in Figure 3.2.b. It is evident that the excited surface plasmon exhibits a circular 
character due to the exciting circularly polarized dipole. This magnetic field pattern results 
from the superposition of the surface plasmons launched normal to each other with a 𝜋 2⁄  
phase shift. The same circular nature holds true for the electric field of the surface plasmon. 
The electric field of a circular surface plasmon polariton, CSPP, is calculated by 
superposing the electric fields of x-polarized and y-polarized dipoles with a 𝜋 2⁄  phase 
shift. The explicit form of the electric field can be calculated to be: 
2
0
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p e
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   3.8 
The electric field of the SPP carries an eiφ dependence with both symmetric and anti-
symmetric parts. The polarization state of such a SPP is interesting, as one immediately 
notices that the SPP has both longitudinal and transverse components. This behavior is 
absent in a strictly TM polarized surface plasmon plane wave. The transverse component 
of the electric field has an intrinsic phase shift relative to the longitudinal component and 
decays on a length-scale characterized by 𝑘𝑠𝑝𝜌. We make use of the Maxwell-Faraday 
equation to calculate the magnetic field (See Supporting Note 3) and by the same token 
calculate the optical chirality density as:  
     3.9 
As expected any φ dependence vanishes in the optical chirality density, which promises an 
azimuthally symmetric behavior. Also, it decays as the SPP travels away from the center. 
However, it keeps its oscillatory character due to the cylindrical Bessel functions. This 
oscillatory behavior is a result of an interplay between terms with different orders of the 
Bessel functions. For the more explicit form of the optical chirality density see Supporting 
Note 3. We tested the predicted behavior of the optical chirality density of a chiral SPP by 
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vectorial full-wave simulations. A circularly polarized dipole was used to launch the CSPP. 
Such a dipole was produced by superposing two normal dipoles, each with a dipole moment 
of 1 D (1 D=3.3356×10-30 C.m), which oscillated with a 𝜋 2⁄  phase shift. The 
electromagnetic fields were simulated in a plane 5 nm above the surface of the silver slab 
and subsequently the optical chirality was calculated from the collected fields and was 
plotted as seen in Fig 2c. Since the optical chirality of the source itself is non-zero, the 
optical chirality density of the CSPP was normalized to that of the source. The points with 
zero optical chirality of the source were discarded to avoid diverging results. The 
simulations match very well with the analytical calculations. We note that the optical 
chirality density decays slower than that of a LSPP. Also locally one expects to get a non-
zero net optical chirality within a full period of the azimuthal angle and a radial range of 
square root of wavelength of the surface plasmon, which is roughly the period of the optical 
chirality alternation. This relation is a direct consequence of the radial dependence of the 
electromagnetic fields on the first power of the cylindrical Bessel functions and of the 
optical chirality on the second power of these functions. If a biological sample of interest 
is confined to such an area of uniform sign of optical chirality, which is microns in 
perimeter and hundreds of nanometers in radial extension (see Figure 3.2.c), an excess of 
chiral interaction between one enantiomer and the chiral SPP is obtained. Due to the non-
zero net chiral enhancement, even in the absence of any confinement, we expect an excess 
in the chiral interaction between the light and one of the racemic enantiomers. Even in the 
absence of any confinement we would expect a net enhancement of optical chirality as the 
SPP inherits the chiral character of the source. To illustrate this point we integrated the 
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optical chirality density over the entire simulation surface and plotted the results versus the 
wavelength (Figure 3.2.d). One can clearly see that away from the plasmon resonance the 
only contribution comes from the dipole source, which itself is chiral and should exhibit 
total non-zero chirality. However, as we approach the wavelengths at which the optimal 
coupling of the light and surface plasmons occur, the net optical chirality increases 
Figure 3.2. (a) Schematic overview of the simulation set-up. The dipole is placed 50 nm above 
the silver slab (b) Simulated Hy of the excited SPP at resonance, λ=357 nm. The SPP carries 
the circular characteristic of the exciting field. (c) Numerically simulated optical chirality of 
the SPP at λ=357 nm. (d) Calculated total optical chirality in a surface 5nm above the interface. 
(e) The behavior of the optical chirality flow is drastically different than that of the SPP 
momentum. It is closely related to the transverse spin angular momentum of the SPP. The scale 
bar of Figure 2b applies to 2e as well. 
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dramatically, which is due to the contribution from the SPP. This result confirms the ability 
to enhance optical chirality through chiral SPPs. Importantly, in the case of CSPPs one 
obtains not only a local enhancement of chiral fields, but also achieves a net enhancement 
of the optical chirality over the entire surface, paving the way for chiral sensing schemes 
based on SPPs. Moreover, it is worth mentioning that the wavelengths where such 
enhanced effects occur lie primarily in the UV region of the spectrum, which is inaccessible 
with localized plasmon resonances of common plasmonic structures based on gold and 
silver. This spectral range is, however, the relevant range for enhancing electronic Circular 
Dichroism (CD) spectroscopy.14 In addition to the pseudo-scalar optical chirality density, 
a flow of chirality can be defined for an electromagnetic wave, 
, which together with the optical chirality satisfy the  
continuity equation15, 86, ,where j is the current 
density. Although the optical chirality for a plane wave SPP is strictly zero, the chirality 
flow is non-zero and it can be shown to be proportional to the transverse spin angular 
momentum of the SPP62, 63. This gains special significance as it implies that chirality flow 
can lead to opposite forces on molecules of different handedness87. Such handedness-
dependent forces have been investigated and interpreted through different approaches48, 62, 
66, 87, 88. The chirality flow of the CSPP is shown in Figure 3.2.e. It is evident that the 
chirality flow is dominantly azimuthal, mostly perpendicular to the direction of the energy 
flow and linear momentum of the CSPP. Such a transverse flow would exert an 
unconventional and extraordinary force on a chiral molecule perpendicular to the 
conventional pushing and gradient forces, which are mainly radial.  
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3.5 Chiral SPPs generated by natural chiral sources. 
 Despite recent advances in the design and realization of near field sources capable of 
launching circular SPPs, such sources are not readily available in nature and their 
experimental realization remains challenging82, 84, 89. In this section we show that a chiral 
molecule can mimic the chiral behavior of a circularly polarized near field source. 
Specifically, we argue that chiral molecules are capable of launching SPPs with a non-
trivial chiral character. One example of a chiral molecule is given by a DNA-like helix that 
can be either left-handed or right-handed depending on whether the electric and magnetic 
dipoles are parallel or anti-parallel. Due to the geometrical chiral character of such 
combination of electric-magnetic dipoles, one expects to obtain non-zero optical chirality 
from EM fields of these dipoles in free space. The optical chirality for a combination of 
arbitrarily oriented electric and magnetic dipoles is given by (see Supporting Note 4):
 
3.10 
It is readily deduced from this expression that the optical chirality directly depends on the 
relative orientation of the dipoles and no matter what the orientation is, in the absence of a 
phase difference between the electric and magnetic dipoles, the optical chirality is 
inevitably zero. This is due to the fact that without a phase term, the expression inside the 
brackets will lack any imaginary part. Of course, however, a phase shift of π does not meet 
this criterion. Artificial analogues of such natural chiral structures can be synthesized using 
bottom-up fabrication techniques that utilize chiral molecules as templates for chiral metal 
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structures that support free electron motion. Metallization of DNAs is an example of such 
techniques20, 90-94. When it comes to the radiation of these chiral dipoles near a metallic 
surface, such a combination of electric and magnetic dipoles will launch surface plasmons 
normal to one another. More interestingly, due to the intrinsic π/2 phase shift between the 
electric and magnetic dipoles in the helix, the SPPs excited by these dipoles carry the same 
phase information. The resulting SPP corresponds to a SPP launched by two perpendicular 
electric dipoles with π/2 phase shift. This intuitive picture was validated by numerical 
simulations, in which surface plasmons were excited by a right-handed helix (for details of 
the simulations see Methods). One expects the z component of the electric field to follow 
Figure 3. (a) The chiral molecule is represented by a pair of parallel electric and magnetic 
dipoles with strengths of 3.3356×10-30 C.m and 197.096×10-24 J.T-1 (b) The simulated Ez of the 
excited SPP at λ=357 nm. Despite the linear polarization of the source the SPP exhibits a 
circular character(c) The numerically calculated optical chirality of the SPP. It shows a pattern 
similar to that of a CSPP. The scale bar has the same dimensions as in 3b. (d) Calculated total 
optical chirality of on a surface 5nm above the interface.  
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the pattern of a CSPP, as is seen in Figure 3.3.b. The fields of the surface plasmons 
launched by these two dipoles dominate in perpendicular angles, see Supporting 
Figure.A.1. In the next step the optical chirality density was evaluated in a surface 5nm 
above the silver slab and then was normalized to that of the source (Figure 3.3.c). The 
points with zero optical chirality of the source were discarded to avoid diverging results. 
The optical chirality distribution resulting from NCS excitation is dramatically different 
from those obtained with individual electric or magnetic dipoles. For a chiral dipole with 
non-dominant electric or magnetic components, the optical chirality density is azimuthally 
symmetric and decays radially. The visible asymmetry of the optical chirality along the y 
direction in Figure 3.3.c, is due to a dominant component of SPP launched by the magnetic 
dipole. Interestingly, in the immediate near-field the optical chirality of the source fields is 
large enough to curb any dominance by that of the SPP.  As we go further away from the 
source, however, the SPP fields and subsequently its optical chirality dominates. Figure 
3.3.c shows that the produced optical chirality is of similar magnitude as observed before 
for a CSPP, so naturally we expect to see the total optical chirality to behave similarly as 
that of the CSPP. The total optical chirality, obtained by integration over the entire surface, 
is plotted vs. the excitation wavelength in Figure 3.3.d. Far from the resonance the 
electromagnetic fields are dominated by those of the source and the net optical chirality is 
non-zero but small. However, in the frequency window where optimal excitation of the 
SPP occurs, the net optical chirality rises dramatically. Right after the resonance peak this 
value becomes negative, as the phase between the electric and magnetic fields reverses 
when the wavelength is scanned across the resonance. We emphasize that the finding that 
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optical chirality can be generated by NCS, which may by readily available in nature, is 
intriguing and non-trivial. 
3.6 Discussion  
In summary, we investigated enhancement of optical chirality through surface plasmon 
polaritons. We showed that chiral SPPs can exhibit enhanced optical chirality both locally 
and globally, depending on the polarization of the exciting near-field source. Such chiral 
surface plasmons are inherently superposition of p-polarized surface plasmon plane waves, 
and due to the near-field interference of such modes SPPs with non-trivial chiral characters 
can emerge. We demonstrated both analytically and numerically that for an in-plane 
exciting dipole source SPPs with locally enhanced optical chirality can emerge. However, 
due to the anti-symmetric nature of the optical chirality of such SPPs the net enhancement 
of optical chirality is zero. Importantly, we further showed that for SPPs excited by a chiral 
source not only locally enhanced optical chirality but also a non-vanishing net 
enhancement over extended areas can be obtained.  This enhancement can reach manifold 
values upon approaching the resonance frequency of the SPP. We also introduced the 
concept of Natural Chiral Sources, which circumvent the challenges associated with 
realization of a chiral near-field source through experimental procedures. In particular, we 
demonstrated that SPPs generated by a chiral molecule such as a DNA-like helical 
molecule or a metallized DNA carry along chiral characters similar to those of a CSPP. We 
attributed this effect to the superposition of SPPs excited by the chiral molecule, which 
mimic a pair of parallel or anti-parallel electric and magnetic dipoles with intrinsic phase 
differences. These findings can be of great interest in applications related to chiral bio-
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sensing. From an experimental point of view one should keep in mind that the optical 
chirality density of SPPs will experience a rate of exponential decay in vertical direction 
double that of the electric and magnetic fields. This is of significance in that such a density 
will be highly confined to the metal surface and to its vertical immediate vicinity. This 
confinement makes it possible to selectively measure chiral bio-molecules on or near the 
metal substrate. In combination with selective capture chemistries, this can pave the way 
to selective chiral detection schemes. Furthermore, a rapid decay of the optical chirality 
along the vertical direction creates a large gradient of optical chirality density and, 
consequently, may lead to distinct chiral forces.67 Finally, the ability to move the spectral 
range of operation of plasmonically enhanced chiral sensing into the UV part of the 
electromagnetic spectrum can contribute to improving the structural characterization of 
biomolecules.  We should emphasize that the chiral bio-sensing schemes based on SPPs 
would be surface-dependent and differ from conventional techniques based on transmitted 
light.  
3.7 Numerical Methods 
Full-wave Finite –Difference Time-Domain simulations were used for the simulations. In 
all the simulations silver was used as the metal medium. The optical constant were 
extracted from Johnson and Christy41. The dipole was positioned at 50 nm above the metal 
surface and the data were collected from a surface 5nm above the surface. In the 
simulations related to NCSs the electric dipole was chosen to be 1 D, (1 D=3.3356×10-30 
C.m) and the magnetic dipole moment was 4 μB where μB is the Bohr magneton (μB= 
49.274×10-24 J.T-1). The reason for introducing the slight dominance of the magnetic 
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character was to mimic the electric and magnetic dipoles of a helix. The calculated 
magnetic field is for a single current loop. A helix, however, consists of several turns or 
loops which justifies multiplying the magnetic moment with a number which we chose to 
be 4. In all the simulations fine meshes with maximum mesh size of λ/70 was used. 
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Chapter 4 
Transverse Chiral Optical Forces by Chiral Surface Plasmon Polaritons 
4.1 Introduction 
Recently the concepts of transverse spin angular momentum and Belinfante spin 
momentum of evanescent waves have drawn considerable attention. Here, we investigate 
these novel physical properties of electromagnetic fields in the context of chiral surface 
plasmon polaritons. We demonstrate, both analytically and numerically, that chiral surface 
plasmon polaritons possess transverse spin angular momentum and Belinfante momentum 
with rich and non-trivial characteristics. We also show that the transverse spin angular 
momentum of chiral surface plasmon polaritons leads to the emergence of transverse 
optical forces in opposite directions for chiral objects of different handedness. The 
magnitude of this chiral transverse optical force on a chiral particle is comparable to the 
magnitude of the achiral optical forces on the particle, namely the gradient force which 
arises from the intensity gradient and the scattering force which is the result of the linear 
momentum transfer of the photon to the particle. This finding may pave the way for 
realization of optical separation of chiral biomolecules. The last few years have seen 
tremendous interest in novel schemes for optical manipulation of chiral entities.46, 67, 87, 88, 
95-112 This surge is partly fueled by the overall inefficiency of current methods in separation 
and purification of racemic mixtures of chiral biomolecules.98, 113, 114 The main idea 
underlying optical chiral separation is that the interactions of chiral light with chiral 
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molecules depends on their handedness which may lead to their mechanical separation.46, 
67, 87, 88, 96 Such a chiral optomechanical separation scheme has been experimentally 
achieved in microscale using Circular Bragg Reflection.98 However downsizing this effect 
to the subwavelength nanoscale, which is the relevant range for the chiral biomolecules, 
poses a series of significant challenges in overcoming the thermal effects.115 Several 
theoretical proposals have been made for accomplishing optomechanical separation of 
chiral biomolecules. These proposals are mainly based on precise superposition of multiple 
beams to create local spots with low gradients of electromagnetic (EM) energy density 
while maintaining large enough gradients of optical chirality. 46, 87, 88 Optical chirality 
density and the flux of optical chirality fulfill the continuity equation:
 , where is the 
optical chirality flux, is the optical chirality density and j is 
the current density.15, 86, 116   In the presence of a gradient of optical chirality density chiral 
biomolecules with different handedness will experience forces in opposite directions. 
Forces of such origin can be practical, if they are comparable in magnitude to the achiral 
forces in the system. However, due to larger magnitude of the electric polarizability relative 
to the chiral polarizability, the achiral gradient forces dominate the chiral force.  The 
realization of enantiomer discriminatory forces requires precise control over the amplitudes 
and especially phases of the interfering beams. Gradients of the optical chirality density 
can also be achieved in rationally designed plasmonic nano-antennas or metamaterials.67. 
One caveat of this approach is, however, that a plasmonic enhancement of the EM fields 
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boosts both the gradients of the EM fields as well as of the optical chirality. Here we 
propose a new chiral separation scheme based on transverse Spin Angular Momentum 
(SAM) of chiral surface plasmon polaritons (SPP). The concept of unusual transverse SAM 
has recently attracted tremendous attention. 62, 63, 117-120 In the context of SPPs excited by a 
local chiral source, it was recently shown that they can carry along the chiral character of 
the source and exhibit non-trivial chiral behavior.121 Here we extend this idea to include a 
novel chiral character that chiral SPPs exhibit in terms of chirality-selective chiral optical 
forces. We demonstrate, both analytically and numerically, that such SPPs possess a 
distinctive transverse SAM that, in turn, can lead to chiral forces which are in opposite 
directions for chiral entities of different handedness, including chiral bio-molecules. These 
chiral forces, due to near-field excitation of the SPPs by a chiral source, have features 
distinct from those resulting from interference of propagating EM fields. Importantly, they 
alleviate the need for interference of multiple propagating beams with precise control over 
their phase and amplitude. Also, the in-plane chiral force is of the same order of magnitude 
as other forces involved, namely the out-of-plane gradient forces and the in-plane scattering 
force. We also elaborate on the nature of this chiral transverse force by demonstrating that 
it arises from the coupling of chiral SPPs and chiral matter through the object’s chiral 
polarizability and we differentiate this force from transverse forces due to Belinfante Spin 
Momentum, (BSM), which can emerge for achiral objects.62, 118, 120  
4.2 SAM and BSM of Chiral SPPs  
The angular momentum of light comprises an orbital and a spin part. Spin angular 
momentum originates from spinning electric and magnetic fields, while orbital angular 
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momentum stems from the phase gradient of the wavefront.120, 122-124 This distinction is not 
fundamental and in fact, spin-to-orbital angular momentum conversion may occur in both 
inhomogeneous anisotropic media and in tightly focused beams.125 Spin density is a 
measure of circular polarization of EM fields and for propagating waves is either parallel 
or anti-parallel to the direction of the propagation. It can be written as:62 
Figure 4.1. (a) Schematics of exciting an evanescent wave in glass-air interface by Total 
Internal Reflection method. (b) The vectorial behavior of the E and H of the evanescent 
wave excited by a circularly polarized beam (c) Distribution of the Spin Angular 
Momentum (SAM) on XY plane for the resulting evanescent wave near glass surface 
excited by a right-handed circularly polarized light from the glass side. The background is 
the map of |E|. The coordinates, color and scale bars apply to plots c, d, e and f (d) SAM 
on XY plane, for the evanescent wave excited by a left-handed circularly polarized light. 
Despite the expected reversal of the longitudinal SAM, the transverse SAM does not change 
direction, which shows that the transverse SAM is independent of the polarization of the 
excitation beam. (e) Belinfante Spin Momentum (BSM) of the evanescent wave excited by 
a right-handed circularly polarized light. Since its in-plane components are related to the 
decaying vertical SAM through ,and the SAM decays in 
z direction, a decaying behavior is dictated on Bx and By . (f) BSM of the evanescent wave 
on XY plane, excited by a left-handed circularly polarized light.  
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    4.1 
Where Se and Sm are the electric and magnetic contributions to the SAM. One can readily 
observe that . So in the case of SPPs, one can interchangeably speak of SAM or 
Chirality flux. For evanescent and non-paraxial EM fields, a new type of SAM density can 
emerge. Recently it was shown that unlike propagating EM fields that can possess SAM 
only if they are circularly polarized, evanescent waves carry non-zero SAM, which is 
directed transverse to the wave momentum.62 For an evanescent wave the transverse SAM 
originates from the imaginary longitudinal component of the electric field. The longitudinal 
component induces a rotation of the field in the plane containing both the wave vector and 
the surface normal and generates a transverse SAM, which is independent of the 
polarization of the excitation beam. The rotation of the electric field is a consequence of 
the phase shift between the longitudinal and perpendicular components of the electric field. 
This phase shift stems from the transversality condition, .63, 119 Changing the 
polarization of the excitation beam does not alter the direction of rotation of the electric 
field. It is important to distinguish the transverse SAM from the BSM, defined as
 , where Pb denotes the BSM, that originates from the inhomogeneous 
distribution of the transverse spin, which itself is due to evanescence of the electric and 
magnetic fields of SPP and leads to non-zero edge current of transverse SAM. New forces 
and torques in unexpected directions may emerge as a result of transverse SAM and BSM. 
The key point in distinguishing the origin of the observed forces and torques is to notice 
that transverse spin is independent of the polarization of the exciting source. Belinfante 
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momentum, however, does depend on the polarization of the source. This can be seen in 
Figure 4.1, where the distributions for SAM and BSM of an evanescent field in glass-air 
interface under circularly polarized excitation are shown. In Figures 4.1.c and 4.1.d, by 
changing the circular polarization of the excitation beam from left to right, the longitudinal 
spin of the evanescent wave reverses and as a result its direction changes from parallel to 
anti-parallel with the wave-vector. The in-plane transverse component of the spin, 
however, does not change the direction upon polarization inversion of the excitation beam. 
This is not the case for BSM, which reverses its transverse direction with polarization 
inversion of the beam (Figure 4.1.e and 4.1.f). Since the excited evanescent waves are 
propagating in x direction and decaying in z direction, SAM does not decay in the direction 
of the propagation but decays in z direction. In the case of BSM, since its in-plane 
components are related to the decaying z component of SAM through
, they decay as the evanescent wave propagates. It 
should be noted that for a p-polarized evanescent SPP, the situation is starkly different. 
Due to its strict TM polarization, a p-polarized SPP does not generate any longitudinal 
SAM and only the transverse component of the SAM survives. (See Figure 4.2) The 
vertical decay of the transverse SAM gives rise to a BSM only in the propagation direction 
with no transverse component. (See Supporting Figure B.1). The experimental verification 
of BSM would require measuring an unusual transverse force on an achiral object. Such an 
unusual force will be neither in the direction of the wave vector nor aligned with the 
gradient force, but in a direction dictated by BSM, transverse to the local wave vector of 
the light. It should be mentioned that using a chiral source with an achiral particle limits 
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the chirality degree of freedom to the EM field only. One major challenge in detecting this 
novel transverse force is its minuteness compared to the existing gradient and scattering 
forces. Recently Antognozzi et al. experimentally verified the existence of this unusual 
transverse force and, thus, demonstrated the presence of BSM in evanescent waves.118 This 
work studied forces exerted on an achiral particle in an evanescent wave which were due 
to the BSM, which is a polarization-dependent property. So with a change in the 
polarization state of the incident circular beam, the direction of the transverse force 
reverses. Here through rigorous analytical and numerical analyses we demonstrate the 
emergence of novel transverse and chiral-selective forces due to chiral SPPs. We show 
their unique ability to generate in-plane transverse chiral forces and under appropriate 
conditions in-plane chiral pulling forces.  
The propagation of a p-polarized surface plasmon plane wave on a flat surface normal to z 
direction is described by where is the angular frequency, is the 
in-plane wave vector and ρ is the radial variable in cylindrical coordinates. These surface 
modes are strictly TM polarized with no transverse electric component. Surface modes 
excited by a near-field source possess, however, transverse as well as longitudinal 
components. In the case of a source placed close to metallic interface with the current 
density of the electric field of the SPP can be obtained by: 75, 80 
                  4.2 
where μ0 is the vacuum permeability and is the Fourier transform of the Green’s tensor,
, associated with the metal-dielectric infinite interface: 
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    4.3 
It is observed that has poles that are determined by the denominators of the Fresnel 
factors for p-polarized light. These poles relate to the surface plasmon modes and explain 
the resonant nature of these modes. If the metal slab has finite thickness, plasmon modes 
can be determined by the zeros of the transcendental equation: 
 where are the Fresnel reflection 
coefficients for p-polarized light for upper and lower media respectively. The SPP wave-
vector is determined by,  where k0 is the free-space propagation 
constant and ε1 and ε2 are the permittivities of the surrounding medium and metal, 
respectively.55, 72 The vertical component of the wave-vector in medium j is determined by 
with . This condition makes the square root single valued.  
Equation (3) can be used to find the explicit form of the electric field for a generic 
orientation of dipole placed at a distance d above a flat SPP-sustaining surface. SPPs with 
chiral character inherit their chirality from the exciting source. Thus, we focus on SPPs 
excited by an in-plane circularly polarized near field dipole source. Such a source is 
experimentally feasible to obtain even under normal incident light. One would only need 
to excite a metal nanoparticle sitting on a metal surface with a circularly polarized light. 
The light will induce a circularly polarized dipole in the particle and the near field of the 
particle will have large enough wave vector components to couple to the SPP. This simple 
scheme lifts the need for phase matching mechanisms through prism-coupling or grating 
coupling. A schematic drawing of the physical system is shown in Figure 4.3.a, where the 
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near field dipole source can be written as ,where  are the unit vectors 
along x and y directions respectively. The resulting SPP is the superposition of the surface 
plasmons launched normal to each other with a 𝜋 2⁄  phase shift. The resulting circular SPP 
has a cylindrical symmetry which is evident from the distribution of the z component of 
the E field, which is shown in Figure 4.3.b. The electric field of a circular SPP is calculated 
by superposing the electric fields of x-polarized and y-polarized dipoles with a 𝜋 2⁄  phase 
shift. The explicit form of the electric field can be calculated to be: 121 
  4.4 
where , is the in-plane component of SPP wave-
vector,  are the vertical components of the wave-vector in air and metal respectively,
 is the vacuum permittivity and are different orders of complex 
Hankel Functions of first kind. The polarization of such an SPP is interesting, as one 
immediately notices that it has both longitudinal and transverse components. The decaying 
normal component of the electric field has an intrinsic phase shift relative to the 
longitudinal component and decays on a length-scale characterized by and . This 
phase shift leads to rotation of the electric field of the chiral SPP in the  plane. This 
rotating electric field results in a transverse spin in the  direction which is transverse to 
radially outward propagation direction of the SPP. More interestingly, unlike TM polarized 
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SPPs, which have no transverse electric component, there is a transverse electric field 
component in direction with  phase shift relative to the longitudinal component. 
This unique feature of the chiral SPP bestows it with an in-plane rotation of the electric 
field and subsequently with a new transverse SAM in z direction. In order to find the 
analytical expression for the transverse spin of the chiral SPP we make use of Maxwell-
Faraday equation to find the magnetic field to be: 
     4.5 
It is evident from equation (5) that the phase shift between the radial and normal as well as 
the azimuthal components of the magnetic field will produce a rotation of the magnetic 
field in the  and  planes.  Using equations (4) and (5) and plugging into equation (1) 
one can calculate the electric and magnetic components of the SAM of the chiral SPP to 
be: 
  4.6 
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4.7 
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Figure 4.2. (a) Schematics of exciting an SPP from far-field by Kretschmann technique. (b) 
Maps of |E| and |H| of the resulting p-polarized SPP are shown on XZ plane. The color bars 
are in arbitrary units and apply to figures b and d. The excitation of the SPP which is 
propagating in x direction and evanescent in z direction is evident. (c) Vectorial distribution 
of the E and H fields of the SPP reveals its TM polarization. (d) SAM of the SPP plotted on 
XY plane on the background of the E field distribution. The electric field lacks any 
transverse component which results in zero longitudinal SAM. So unlike the evanescent 
wave which possesses both longitudinal and transverse components, the SAM of the p-
polarized SPP is absolutely transverse.  
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where ,which contains the decaying factor of the fields in the vertical 
direction. A more expanded and explicit form of the SAM can be obtained by substituting
,where are the real and imaginary 
parts of the in-plane SPP wave-vector and are the real and imaginary parts of 
the vertical component of SPP wave-vector. Also, we could substitute
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Figure 4.3. (a) Schematics of exciting a chiral SPP by a near-field circularly polarized dipole. 
(b) The distribution of Ez component of a SPP excited by a near-field circular dipole on XY 
plane. It is clearly seen that the SPP inherits the circular character of the source. The scale bar 
applies to figure 3d as well. (c) Vectorial behavior of a chiral SPP, in regions close to the 
source, is different than that of a p-polarized SPP. For such a SPP E and H fields possess both 
longitudinal and transverse components which result in a rich behavior of SAM and optical 
chirality. In this case the fields are collected along x direction (d) SAM distribution of the 
SPP excited by a left-handed near-field dipole on XY plane. Close to the origin, the azimuthal 
transverse SAM is the dominant component. When the polarization of the dipole source 
reverses, transverse SAM does not change, which indicates its independence from the 
polarization of the source. 
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, where are cylindrical Bessel 
functions of the first and second kind, respectively. The permittivity of silver at λ=357 nm 
is εr=-2.145 and εi =0.275, where εr and εi are the real and imaginary parts of the 
permittivity. Considering that and  , one obtains
and which translate to
and . With these specifications and 
considering the fact that the magnetic contribution to SAM is negligible compared to its 
electric counterpart, SAM for the chiral SPP can be significantly simplified to 
 
4.8 
As one would expect, the longitudinal SAM is aligned with the wave vector in direction 
while both in-plane and out-of-plane transverse SAM components are present. it is also 
noteworthy that the decay length of the in-plane transverse SAM is determined only with 
that of the cylindrical Bessel functions, while the longitudinal and out-of-plane SAM decay 
lengths are additionally calibrated with inverse and inverse squared of propagation 
constant, . From equation (8) it is evident that in-plane transverse SAM dominates the 
spin distribution. This can be seen in Figure 4.2.d, where the SAM for the chiral SPP 
excited by a left-handed circularly polarized near field dipole source is depicted. The z 
component of the SAM has been suppressed in these plots. It is evident that the SAM is 
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dominated by the transverse component along . When the polarization of the source 
reverses, transverse SAM does not change its direction. (See Supporting Information) 
4.3 Unusual transverse Forces due to Belinfante Spin Momentum 
Belinfante spin momentum, BSM, is defined as the curl of the SAM. if we analogize the 
SAM of light with bulk magnetization, BSM is similar to the boundary magnetization 
current or topological Quantum-Hall current in solid-state systems.119, 126 This vividly 
ˆ
Figure 4.4. (a) The plot of the force exerted by a chiral SPP on a plasmonic nano sphere placed 
on top of a silver slab on x direction. The appearance of the transverse force in y direction is 
explained by Belinfante spin momentum. The subscripts r and l denote the right-handed and 
left-handed polarized dipole sources, respectively. (b) The plot of the force on the same 
plasmonic nano sphere placed in y direction. (c) Distribution of the BSM for right-handed 
circular dipole in the vicinity of the particle calculated at the SPP resonance frequency, on a 
background of the magnitude of the BSM vector, |B| (d) Distribution of the BSM for left-handed 
circular dipole. Unlike the SAM which is independent of the source polarization, the BSM 
reverses its direction for opposite polarizations of the source. 
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explains why BSM is a virtual property of plane waves and yet exists in evanescent waves. 
In propagating non-dissipating plane waves the local spin loops cancel each other and no 
net edge current survives, or in other words the curl of the SAM becomes zero. In 
evanescent waves, however, due to decaying EM fields this cancellation is not complete 
and a net curl is inevitable.62 BSM in TM polarized SPPs has been studied elsewhere.62, 96, 
107, 118 Also the emergence of transverse forces on Mie particles due to BSM has recently 
been verified.118 One caveat of this transverse force is that it is vanishingly small for 
Rayleigh particles. Even for larger Mie particles, it turns out to be orders of magnitude 
smaller than the gradient force and the force due to linear momentum transfer. According 
to equation (8), the BSM of a chiral SPP will have components in all coordinate directions 
including the transverse azimuthal direction. So we expect the chiral SPP to exert a 
transverse force on an achiral object located on the plane of propagation. Moreover, since 
BSM reverses direction upon polarization inversion of the near-field source, the anticipated 
transverse force will be in opposite directions for opposite circular polarizations of the 
exciting near-field source. This can be seen more clearly when one considers the equation 
of total optical force exerted on a chiral object with chiral polarizability of χ. This force 
can be written as: 87, 96, 97, 99 
     4.9 
where, Uf is the EM energy density plus the density of optical chirality, Π is the time-
averaged Poynting vector, α is the electric polarizability, β is the magnetic polarizability 
and χ* is the complex conjugate of chiral polarizability. In lack of particle chirality, i.e. 
χ=0, the chiral force term vanishes and an emerging unusual transverse force can only be 
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attributed to the transverse components of the BSM. In order to verify the results of the 
proposed scheme we did a series of full-wavelength EM simulations. We excited a chiral 
SPP on a silver slab by a circularly polarized near-field dipole source. The metal slab was 
chosen to be infinitely thick to avoid Fabry-Perot type modes as well as back-reflected 
waves. A 50 nm spherical gold nano particle was placed on top of the slab and 500 nm 
away from the source on positive X axis. The distance was chosen to make sure that the 
fields are dominated by those of the SPP and not of the source. In the next step, the EM 
forces were calculated numerically using the Maxwell Stress Tensor. (for the details of the 
simulation see materials and methods) The results are shown in Figures 4.4.a and 4b. 
Before plotting the forces, we normalized them to the source power. The dipolar source 
was chosen so as to provide a power of 1fW to the system. Several interesting features are 
noticed in the force plots. As expected the peaks of the optical forces occur at two 
resonances of the system, namely the SPP resonance and the localized plasmon resonance 
of the metal nanoparticle. Fz which mainly represents the involved gradient forces is 
downward in SPP resonance and upward in localized plasmon resonance. This is because 
the gradient force tends to push the particle to the regions with higher EM field intensity. 
At the SPP resonance the fields are strongest near the surface and decay vertically, hence 
the downward gradient force. At the localized plasmon resonance frequency, however, the 
EM fields are stronger in the immediate vicinity above the particle. The fields below the 
particle are weakened in this case due to charge screening by the metal slab. Fx also behaves 
as expected. Since Fx is an indicative of scattering force, it is strongest when the SPP is 
excited and travelling radially outward. At the localized plasmon resonance frequency, 
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where the SPP is not excited, such a force resulting from the linear momentum transfer of 
SPPs is lacking, as is confirmed in the force plots. In the case of Fy, unexpected features 
appear, which cannot be explained in terms of gradient and scattering forces alone. A 
counterintuitive transverse force, although much smaller, emerges at the resonance 
frequency of the SPP and, less distinctly, at the localized plasmon resonance frequency. 
When the circular polarization of the near field source reverses, Fx and Fz remain 
unchanged, both in magnitude and in direction. Fy, however, reverses its direction, which 
elucidates the origin of the counterintuitive force as a Belinfante spin momentum transfer. 
One should recall that upon the helicity inversion of the source, transverse SAM does not 
change directions, while BSM does. This is clearly illustrated in Figures 4.4.c and 4d, 
where the BSM for two polarizations of the source are plotted. The EM fields at the 
resonance frequency of the SPP were collected on a plane 50 nm above the metal slab and 
SAM and BSM were calculated. The BSM reverses its direction upon the polarization 
inversion of the source, hence generating momenta in opposite directions, which result in 
opposite forces. It is noteworthy that the enhanced EM fields due to the plasmonic particle 
results in enhanced BSM. 
4.4 Chiral transverse forces due to transverse Spin Angular Momentum 
When cross polarization terms enter the electric and magnetic polarizability of a particle, 
new force terms emerge which lack for achiral particles. Equation 9 indicates that when 
the particle is chiral, the SAM of the EM fields can produce optical forces in transverse 
direction, which are of opposite signs for particles of opposite chirality. Interestingly, the 
only requirement for the aforementioned transverse chiral forces is the coupling between 
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the transverse component of the SAM and the chiral polarizability of the particle and it 
occurs for excitation under single polarization of the near-field source. In essence, using a 
single chiral source, one can generate in-plane transverse forces, which point in opposite 
directions for objects with opposite χ. A series of Full-Wave EM simulations were carried 
out to test this hypothesis. We chose a helical metal nanoparticle as a prototypical example 
of a chiral particle. The dimensions were chosen to mimic a large chiral molecule. The 
Figure 4.5. (a) Schematics of generating in-plane transverse chiral forces by chiral SPPs. A 
near-field source excites a chiral SPP, which exerts transverse chiral forces in opposite 
directions on chiral helices of different handedness upon passing them by. (b) Distribution of 
the SAM of the chiral SPP, excited by a left-handed circular dipole plotted on a background of 
the magnitude of the SAM, |S|, which is calculated at the SPP resonance frequency. (c) The plot 
of the forces on two chiral plasmonic particles with different handedness. The particles are 
placed at positive x direction. The subscripts r and l denote right-handed and left-handed helices, 
respectively. In the case of chiral particles, it is the transverse SAM which is responsible for the 
chiral force. (d) The plot of the forces when chiral plasmonic particles are placed at positive y 
direction. 
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radius of the helix tube was 2.5 nm with helix radius and period of 7.5 nm each and a total 
number of 5 loops. The chosen size makes our particle ultra-subwavelength. A chiral SPP 
was excited by a left-handed circularly polarized dipole. As was discussed in detail above, 
such an SPP has a dominant transverse spin component in azimuthal direction which 
decays slower than the radial and vertical components. A pair of right-handed and left-
handed chiral helices were placed 500 nm away from the source, where the fields from the 
SPP are dominant. Then the forces were calculated using Maxwell Stress Tensor method. 
In the first case the particles were placed at x=500 nm, y=0 and z=10 nm. As can be seen 
in Figures 4.5.c, Fz behaves similarly to the case of an achiral particle. The most prominent 
feature of Fz is the downward gradient force which occurs at the SPP resonance. The second 
noticeable gradient force is at the plasmon resonance of the helix at around 610 nm. Fx, on 
the other hand, shows an unexpected behavior. Instead of a scattering force in positive 
direction, we observe a pulling force toward the source. This pulling force originates from 
the coupling between the longitudinal SAM and chirality of the particle which has recently 
been shown for a chiral cluster of plasmonic particles excited by two counter-propagating 
waves.99 Interestingly when the helix is placed perpendicular to the longitudinal SAM, 
under which condition this coupling is zero, this pulling force is eliminated and one 
observes the usual optical pressure (see Supporting Figure 4.3). Importantly, even at the 
localized plasmon resonance frequency no appreciable scattering or pulling force is 
observed. This is due to lack of any coupling between the chirality of the particle and the 
SAM, as the SPP is not excited at this wavelength and there is, consequently, virtually zero 
SAM available. Fy, also, exhibits intriguing features under such near-field excitation 
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conditions. For this scenario opposite forces still emerge, albeit with a different origin. In 
the previous section it was the dipolar source that changed its chirality which resulted in 
BSM with opposite transverse directions, while the transverse SAM did not change 
directions. Since the particle was achiral, the force term with coupling between the chirality 
of the particle and the SAM vanished. In the present case, however, the source does not 
change its polarization and consequently the BSM maintains its direction, as does the SAM. 
The handedness of our chiral helices, however, changes which reverses the sign of their 
chiral polarizability, χ. It is the coupling between the transverse SAM and the chirality of 
the particle through χ that results in the observed transverse chiral force. To make sure that 
this transverse chiral force, follows the pattern of the azimuthal SAM, in the next step, we 
placed the chiral particles in x=0, y=500 nm and z=10 nm. In this case the main axes of the 
helices are perpendicular to the longitudinal SAM. For this reason, no pulling forces are 
observed and the transverse chiral forces occur for Fx, as the azimuthal SAM lies strictly 
Figure 4.6 Schematics of optical separation of chiral enantiomers by chiral surface 
plasmon polaritons 
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in x direction in this specific location. In addition to the observed novel transverse chiral 
forces, a couple of other points are worth mentioning regarding this chiral force. For one 
thing, the chiral transverse force has the same order of magnitude as the other forces 
involved, which is not the case for the transverse forces with the origin of BSM. The 
relative magnitude should make the chiral force experimentally detectable. Second, one 
should note that this force directly depends on the chirality factor which is an intrinsic 
property of the chiral bio-molecules but can be altered for artificial particles. It is also 
related to the SAM, which is a property of the source. That is why the maximum of the 
transverse force occurs at the SPP resonance where the transverse SAM reaches its peak 
due to the SPP resonance and not at the plasmon resonance of the particle. 
4.5 Discussion 
In summary, we proposed a new chiral separation scheme based on chiral SPPs. We 
investigated in detail, the recently proposed BSM and transverse SAM in the context of 
chiral SPPs. We demonstrated that such SPPs exhibit intriguing and non-trivial properties 
in terms of transverse SAM and BSM. Unlike p-polarized SPPs, for which SAM is only 
transverse to the local momentum of the SPP, chiral SPPs possess components of SAM, 
both aligned with the local momentum as well as transverse to it. The same holds true for 
the BSM of chiral SPPs. We calculated the forces on a pair of chiral particles with opposite 
handedness and demonstrated the emergence of enantiomer-selective in-plane chiral 
forces, transverse to the wave vector of the SPP. This direction is neither aligned with the 
gradient force, nor with the scattering force. Importantly, for chiral objects of opposite 
handedness the SPP-mediated forces point in opposite directions. In addition to these 
87 
 
 
unusual transverse forces, an intriguing in-plane pulling force emerges, which is a result of 
coupling between the chiral dipole moment of the chiral object and the longitudinal SAM. 
We should emphasize that the more underlying physics of the observed transverse chiral 
forces is the creation of chiral near-fields which leads to the transverse SAM. Such chiral 
near-fields can be produced even with a linearly polarized dipolar source, as was recently 
described in detail.121  Suffice it to say that such a linearly polarized dipole, e.g. and x-
polarized dipole, will launch SSPs only in x direction with vanishing SPP fields as it 
approaches the y direction. So as long as the chiral particles are placed in the right position, 
in this case on x axis, they will experience a similar transverse chiral force. Among the 
possible new areas of optical manipulation that may emerge as a result of these novel 
forces, optical manipulation of chiral biomolecules is of utmost importance. In this regard, 
it is important to overcome thermal motion to achieve an optical separation of chiral 
molecules. Several groups have given estimates of chiral forces on a typical chiral 
molecule.87, 96 For instance a hexahelicene, in a frequency range away from its absorption 
band, has a real chiral polarizability of 
3
210  A
o
  , which for an evanescent wave on a 
glass-air interface, with a beam intensity of 5 mw/μm2 , results in a transverse force of 
about 10-4 pN, which may be in experimental reach.87, 96 Chiral SPPs, are expected to yield 
even larger transverse chiral forces of similar magnitude as optical gradient and scattering 
forces, potentially paving the path towards novel plasmonic chiral trapping and separation 
approaches. 
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4.6 Numerical Methods 
Full-wave Finite –Difference Time-Domain simulations were used for the simulations. In 
all the simulations silver was used as the metal medium. The optical constant of silver were 
extracted from CRC Handbook of Chemistry and Physics, and those of gold were taken 
from Johnson and Christy.41, 127 The dipole was positioned at 50 nm above the metal surface 
and the data were collected from a surface 5nm above the surface. The electric dipole was 
chosen so that it can emit a power of 1fW.  In all the simulations fine meshes with 
maximum mesh size of λ/70 was used. A fine mesh of λ/350 was used to calculate the 
Maxwell Stress Tensor.  
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APPENDIX A 
Supporting Note A.1. 
The optical chirality for a generic orientation of a dipole can be calculated to be: 
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(A-1) 
Despite the complexity of equation (1-1), it is not formidable to note that when a dipole 
possesses only a z-component, all the terms in the optical chirality go to zero.   
Supporting Note A.2.  
The magnetic field of the SPPs, was calculated suing Maxwell-Faraday Equation in 
cylindrical coordinates. 
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Then the optical chirality was obtained using equation (4). Since all the calculations were 
done for time-harmonic fields, the Fourier transform of equation (4), 
*Im[ ]C  E . B , was 
used instead. The magnetic field was calculated for different polarizations of the exciting 
dipole. For the case of x-polarized dipole, the magnetic field is calculated to be: 
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from which the optical chirality can be calculated to be 
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where 1
0
0
0
( , )
2
z
sp ik d
M k
p e



 . Plugging in for real and imaginary parts of the surface 
plasmon wave vector 1 1 1( ) ( ), ( ) ( )sp sp sp z z zk k i k k k i k       we get: 
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Y and J Bessel functions are functions of (kspρ) which has been dropped for brevity. 
Given that 0 1 2 1 2( ) ( )spk k      and
2 2
1 1z spk k k  , where 0k  is the propagation 
constant in vacuum, on resonance k1z becomes purely imaginary, leaving the real part of 
the vertical wave-vector zero. This simplifies equation (2-4) to: 
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 (A-6) 
The permittivity of silver at λ=357 nm is εr=-2.145 and εi =0.27541 where εr and εi are the 
real and imaginary parts of the permittivity, respectively. Given that
0 1 2 1 2( ) ( )spk k      and
2 2
1 0z spk k k  , one obtains 0 01.353 , .07sp spk k k k     
and 1 00.914zk i k , also we have sp spk k . Substituting these values in (2-5) one can 
simplify it further to: 
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Supporting Note A.3 
The magnetic field of a circularly polarized dipole is 
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It is clearly seen that the magnetic field possesses longitudinal components as well as 
transverse components. The optical chirality is the equation 8 in the main text. Making 
use of the definition of the Hankel function and the expanded form of the wave-vectors 
one can rewrite the optical chirality as 
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Despite the complexity of equation (3-2) one notices that this equation can be simplified 
to a great extent depending on the working wavelength, as both real and imaginary parts 
of the ksp are explicitly frequency dependent. Applying the derived optical constants of 
the silver at λ=357 nm as was done in Supporting Note 2 we observe that 
1,sp sp sp z spk k k k k      and equation (3-2) reduces to  
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Supporting Note A.4 
Calculating the optical chirality of a set of electric-magnetic dipoles in free space is 
analytically feasible. For a combination of arbitrarily oriented electric and magnetic 
dipoles one can obtain the electric and magnetic fields in free space to be a superposition 
of the electromagnetic fields of each dipole. More explicitly the electric and magnetic 
fields of a general electric dipole, 𝑝, are128: 
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and those of a magnetic dipole, ?⃗⃗⃗?, are: 
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here ?⃗? is the unit vector in the direction of the line that connects origin and the 
observation point. Thus for any combination of such dipole one will have: 
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(A-13) 
If we calculate optical chirality for such a system, after some algebra, we obtain: 
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Figure A1. (a) x and (b)y components of the magnetic field for a chiral emitter at λ=357 nm. 
It is seen that the two components yield a non-zero field everywhere on the plane. 
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APPENDIX B 
Supporting Figure B.1 
 
 
 
Figure B.1 (a)A p-polarized SPP is excited from far-field and propagates in +x direction. The 
SAM will have a transverse component only in y direction, (1b), which decays in z direction. 
This vertical decay, gives rise to the BSM in x direction with no transverse component. (1c). 
(1d) BSM decays in both x and z directions.  
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Supporting Figure B.2. 
 
 
 
 
 
Figure B.2 (a)When he circular polarization of the local dipolar source changes from left-
handed polarization, (b), to right-handed, (c), unlike transvserse BSM that reverses its 
direction, transverse SAM does not change its direction.  
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Supporting Figure B.3. 
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